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SUMMARY
Weakly d is so c ia b le  compounds p a r t i t i o n  in to  l ip id  membranes by 
non -io n ic  d if fu s io n .  The ’m icroclim ate  h y p o th esis ' p re d ic ts  th a t  
th e  r a te  of weak e le c t r o ly te  a b so rp tio n  from th e  sm all in te s t in e  
is  determ ined by the pH p re v a ilin g  a t  the mucosal s u r fa c e . This pH 
w il l  determ ine th e  p ro p o rtio n  of un ion ised : io n ised  species 
presen ted  to  the  brush border membrane. In r a t  and human jejunum, 
the mucosal su rface  pH is  s ig n i f ic a n t ly  lower than n e u tra l 
lum inal f lu id  and is  r e l a t iv e ly  r e s i s t a n t  to  bulk pH changes. 
This tends to  favour weak acid  a b so rp tio n  but h inders th e  uptake 
of weak b ases . There a re  in d ic a tio n s  th a t  some types of sm all 
bowel derangement might d is ru p t  th e  mechanisms m ain tain ing  th is  
low mucosal su rfa ce  pH, or 'a c id  m icroc lim ate ' r e s u l t in g  in  i t s  
d is s ip a t io n .  I f  th e  m icroclim ate  hypothesis a p p lie s ,  any change 
in  the  mucosal su rfa ce  pH should be accompanied by a l te r a t io n s  to  
wea^ e le c t r o ly te  a b so rp tio n . To t e s t  th is  the  p resen t study 
undertook to  f in d  a method of a l te r in g  the in te s t in a l  
m icroclim ate  pH in  r a t s  in  vivo w ith  a view to  in v e s t ig a tin g  the  
e f f e c t s  of a su rface  pH s h i f t  on th e  ab so rp tio n  of a number of 
weakly d is so c ia b le  d rugs.
Using an in  vivo p e rfu s io n  chamber, th e  pH a t  th e  in te s t in a l  
mucosal su rface  could be measured w ith ease confirm ing previous 
f in d in g s  th a t  a low pH e x is ts  in  the jejunum while a n e u tra l  
value was observed in th e  ileum . Measurements w ith liq u id  ion 
exchange (LIX) pH m icro e lec tro d es  in  v i t r o  demonstrated th a t a pH 
g ra d ie n t e x is ts  along je ju n a l but no t i l e a l  v i l l i .  In the
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jejunum , th e  low est pH values were d e tec ted  in  th e  upper v i l lu s  
re g io n  below the  v i l l u s  t i p s .  Exposing the  in te s t in a l  mucosa to  
E .c o li  STa en te ro to x in  o r i t s  s y n th e t ic ,  pep tid e  analogue, 
STh(6-19), r e s u lte d  in  a ra p id , re v e rs ib le  e le v a tio n  of the  
i n t e s t i n a l  m icroclim ate  pH to  values s ig n i f ic a n t ly  h ig h e r than 
those  measured in  unchallenged t i s s u e .  In  the  jejunum, th i s  
a lk a l in i s a t io n  was most prominent in  the  upper v i l l u s  reg ion  
which had p rev io u s ly  dem onstrated the  low est pH v a lu e s . The 
o b serv a tio n  th a t  8-bromo cGMP has very  s im ila r  e f fe c ts  on mucosal 
su rface  pH to  STa suggests th a t  th is  mucosal su rface  
a lk a l in i s a t io n  i s  mediated through cGMP. The a d d itio n a l f in d in g  
th a t  th e o p h y llin e , a phosphodiesterase  in h ib i to r ,  prevented the  
su rfa c e  pH from re tu rn in g  to  c o n tro l values a f t e r  en te ro to x in  
removal provided f u r th e r  evidence fo r  t h i s .  The 8-bromo analogue 
of eAMP induced a co n sid erab ly  le s s e r  su rfa ce  pH e lev a tio n  than 
i t s  cGMP c o u n te rp a r t .  F o rsk o lin  and ch o le ra  to x in , both  p o ten t 
ad en y la te  cy c la se  a c t iv a to r s ,  e l l i c i t e d  s im ila r  sm all in t e s t in a l  
su rface  pH e le v a tio n s . This suggests th a t  cGMP-dependent 
s e c re to ry  p rocesses a re  more capable of inducing su rface  pH 
changes than  those  dependent on ciLMP. However, in  th e  presence of 
th eo p h y llin e  both fo rsk o lin  and cho lera  to x in  e levated  the  
mucosal su rface  pH to  values s im ila r  to  those a tta in e d  a f t e r  STa 
c h a llen g e . Theophylline alone had no e f fe c t  on the mucosal 
su rface  pH.
Since STa was th e  most p o ten t and r e l ia b le  e f fe c to r  of su rface  pH 
changes i t  was used as a to o l to  t e s t  the m icroclim ate
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h y p o th e s is . S o lu tio n s  of f iv e  weakly d is so c ia b le  drugs were 
perfused  through in  v ivo  loops of r a t  jejunum in  the presence o r 
absence of STa. Two weak ac id s  ( s a l i c y l ic  acid  and phenytoin) and 
th re e  weak bases (amphetamine, morphine and lig n o ca in e) were 
in v e s t ig a te d . In  th ese  experim ents STa reduced th e  ab so rp tio n  of 
both weak ac id s  w hile enhancing the  ab so rp tion  of a l l  th re e  weak 
b a se s . These changes were confirmed by s im ila r  a l te r a t io n s  to  
drug appearance in  the p e rip h e ra l blood in d ic a tin g  th a t  t o t a l  
drug t r a n s f e r  was a ffe c te d  by STa. Enhanced weak base ab so rp tio n  
was d e sp ite  unfavourab le  n e t f lu id  s e c re tio n . These r e s u l t s  a re  
in  accordance w ith  p re d ic tio n  using th e  m icroclim ate hypothesis 
in  th a t  th e  a l te r a t io n s  to  weak e le c tro ly te  abso rp tion  a re  
c o n s is te n t  w ith  an STa-induced e le v a tio n  of the  in te s t in a l  
m icroclim ate  pH. This conclusion was streng thened  by the 
o b se rv a tio n  th a t  a com bination of fo rsk o lin  and th e o p h y llin e , 
which had very  s im ila r  e f fe c ts  to  STa on mucosal su rface  pH a lso  
caused a s im ila r  enhancement of lig n o ca in e  ab so rp tio n . Therefore 
the  p re sen t experim ents provide evidence in  favour of the 
m icroclim ate  h y p o th esis , th a t  the  m icroclim ate pH is  a prim ary 
determ inan t of weak e le c tro ly te  absorp tion  r a t e .  The s im i la r i t i e s  
between r a t  and human in te s t in e  suggest th a t  these  observ a tio n s  
may have d i r e c t  re lev en ce  to  co n sid e ra tio n s  of drug ab so rp tion  in  
human sm all i n t e s t in a l  d is e a s e .
( x v i i )
ABBREVIATIONS
ATP Adenosine 5 ' - tr ip h o sp h a te
cAMP Adenosine 3 f :5 '- c y c l i c  monophosphate
cGMP Guanosine 3 ’ *5%-c y c lic  monophosphate
DDS D ich lo rod im ethy lsilane
ESCR E xterna l standard  channels r a t io
Km M ichaelis-M enten co n stan t
LIX Liquid ion  exchange
log  P Logarithm of o c tan o l:w a te r p a r t i t io n  c o e f f ic ie n t
LT H e a t- la b ile  en te ro to x in  of E scherich ia  c o l i
mw M olecular w eight
pco2 P a r t ia l  p re ssu re  of carbon dioxide
PEG P olyethylene g lyco l
pH Negative log arith m  of hydrogen ion a c t iv i ty
pKa^ N egative logarithm  of d is so c ia tio n  co n stan t
P° 2 P a r t i a l  p re ssu re  of oxygen
STa H e a t-s ta b le  e n te ro to x in  of E scherich ia  c o l i
TDDA Tri-n-dodecylam ine
1 INTRODUCTION
1.1 The pH p a r t i t i o n  hypothesis
A ll o r a l ly  adm in istered  drugs encounter one common problem which 
m ist be overcome i f  th e re  i s  to  be b e n e f it  from th e i r  s p e c if ic  
th e ra p e u tic  e f f e c t s .  This problem is  one o f tra v e rs in g  th e  
g a s t r o in te s t in a l  ep ith e liu m . The mucosal membrane of th i s  
ep ith e liu m  is  e s s e n t ia l ly  lip o id  in n a tu re  and hence, w ith in  
l im i t s ,  th e  more l ip o p h il ic  a molecule i s ,  the  b e t te r  i t  w il l  
perm eate th is  b a r r i e r .  This fe a tu re  o f c e l l  perm eation was f i r s t  
recogn ised  e ig h ty  f iv e  years ago by Overton (1902). L a te r work 
(Hober & Hober, 1937) s p e c i f ic a l ly  dem onstrated th e  importance of 
l ip o p h i l i c i t y  fo r  the  ab so rp tion  of fo re ig n  organic compounds 
from th e  in t e s t in a l  lumen.
Many drugs a re  weak e le c tro ly te s  and th e re fo re , depending on the  
pH of th e  medium and th e  d is so c ia tio n  co n stan t o f th e  compound, 
e x i s t  e i th e r  as th e  ion ised  o r unionised sp e c ie s . The unionised 
sp ec ie s  o f a weakly d is so c ia b le  compound is  more l ip id  so lu b le  
than  th e  ion ised  spec ies  s in ce  th e  l a t t e r  forms a h yd ra tion  s h e l l  
ren d e rin g  i t  lip o p h o b ic . The r e s u l t  o f th i s  is  th a t  i t  i s  on ly  in  
th e  u n d isso c ia ted  s ta t e  th a t  organic weak e le c tro ly te s  can 
p a r t i t io n  in to  the  c e l l  membrane.
The f i r s t  in d ic a tio n  of th i s  was a re p o rt (M eltzer, 1896) th a t  
th e  weakly basic  s try ch n in e  was not to x ic  when i t  was 
adm in istered  in to  th e  stomachs o f r a b b its  whose py lo rus had been 
l ig a te d .  However, w ith the  pylorus open the r a b b i ts  qu ickly  d ied .
L a te r , T rav e ll (19^0) noted  th a t  th e  ab so rp tio n  r a te  of sev e ra l 
weak bases v a ried  w ith  th e  pH o f th e  stomach c o n te n ts . From th is  
i t  was concluded th a t  th e  r a t e  o f p e n e tra tio n  of a weak base 
through th e  c e l l  membrane v a r ie s  in  general w ith the  
co n ce n tra tio n  o f u n d isso c ia ted  weak base in  s o lu tio n . By- 
in v e s t ig a tin g  th e  ab so rp tio n  c h a r a c te r i s t ic s  of sev e ra l weakly- 
a c id ic  and b asic  drugs from r a t  stomach (Schanker, Shore, Brodie 
& Hogben, 1957) i t  was dem onstrated th a t  the  d is so c ia tio n  
c o n sta n t o f th e  drug i s  an im portan t determ inan t of the g a s tr ic  
drug a b so rp tio n  r a t e .  From th i s  study- and from another on drug 
ab so rp tio n  from th e  human stomach (Hcgben, Schanker, Tocco & 
B rodie, 1957) the  conclusion  arose th a t  drugs tra v e rse  the  
g a s t r ic  ep ith e liu m  by passive  d if fu s io n  of t h e i r  l ip id  so lub le  
u n d isso c ia ted  form . This perm eation o f weak e le c tro ly te s  across  
l ip id  membranes i s  known as 'n o n -io n ic  d if fu s io n ' (M ilne, 
S c rib n e r & Crawford, 1958).
A consequence of non-ion ic  d if fu s io n  is  the  'pH p a r t i t io n  
h y p o th e s is ' (S hore , Brodie & Hogben, 1957). This assumes th a t  
th e re  i s  n e g lig ib le  p e rm eab ility  to  th e  ion ised  species  and hence 
th e  pH of th e  medium and th e  d is so c ia tio n  co n stan t of th e  
molecule w i l l  determ ine th e  co n cen tra tio n  of th e  und issocia ted  
sp ec ie s  a v a ila b le  to  p a r t i t io n  in to  the  membrane. Provided th e re  
i s  a pH d if fe re n c e  ac ro ss  a membrane, weak ac id s or bases w il l  be 
co n cen tra ted  on one s id e .  This co n cen tra tio n  g rad ien t w ill  have 
occurred by a p u re ly  physicochem ical d if fu s io n  process since  i t  
i s  o n ly  dependent on th e  g re a te r  p e rm eab ility  o f the membrane to
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th e u n ion ised  fr a c t io n . No a c tiv e  transport process and no energy- 
oth er  than th a t required to  m aintain the hydrogen ion  g ra d ien t i s  
in v o lv ed . Weak bases would tend to  accumulate in  the more a c id ic  
medium, weak a c id s  in  th e a lk a lin e  medium.
1 .2  The m icroclim ate hyp oth esis
Due to  i t s  extrem ely  large  su rface  a rea , th e  sm all in t e s t in e  i s  
the major s i t e  for  drug absorption  along the g a s tr o in te s t in a l  
t r a c t .  When th e drug ab sorp tion  s tu d ie s  described  in  th e  previous  
s e c t io n  were extended to  the ra t sm all in t e s t in e  (Schanker, 
Tocco, Brodie & Hogben, 1958) i t  was observed th a t th e ab sorp tion  
o f  weakly d is s o c ia b le  drugs from the sm all in t e s t in e  a ls o  
conformed to  th e  pH p a r t it io n  h y p o th es is , th e r a te  o f  a b sorp tion  
being r e la te d  to  the d is s o c ia t io n  con stant o f the drug. However, 
i t  was noted th a t r e la t iv e ly  strong a c id s  such as s a l i c y l i c  and 
benzoic acid  were absorbed a t  fa s te r  r a te s  than would be 
pred icted  by t h e ir  d is s o c ia t io n  c o n s ta n ts . This was d i f f i c u l t  to  
r e c o n c ile  w ith the pH p a r t it io n  hyp oth esis s in c e ,  a t  th e  pH o f  
th e in t e s t in a l  co n ten ts  th ese  compounds would be predom inantly in  
the io n ised  form. Such anom alies led the in v e s t ig a to r s  to  p red ic t  
th e  e x is te n c e  o f  a zone a t  the in t e s t in a l  mucosal su rfa ce  which 
i s  more a c id ic  than the bulk phase o f the lum inal co n ten ts  
(Hogben, Tocco, Brodie & Schanker, 1959). The pH o f  t h i s  zone, or  
'a c id  m icroclim ate* was proposed to  b e , w ith in  l i m i t s ,  
independent o f th e  pH o f th e bulk s o lu t io n  in  th e  lumen. A v a lu e  
o f pH 5 .3  a t  the mucosal su rface  o f  the upper sm all in t e s t in e  was
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c a lc u la te d  to  exp la in  th e  f in d in g s  a t  the  tim e , namely th a t  weak 
ac id s  w ith  pKa values below 3 and weak bases w ith pKa values 
above 7 .8  were n o t absorbed .
This h y p o th es is , whereby th e  r a te  o f ab so rp tio n  o f organ ic  weak 
e le c t ro ly te s  i s  determ ined by the  pH p re v a ilin g  a t  the  ab so rp tiv e  
su rface  r a th e r  than  th e  pH of th e  bulk so lu tio n  i s  known as th e  
’m icroclim ate  h y p o th e s is '.  In  th e  subsequent s e c t io n s , evidence 
in  favour of th e  m icroclim ate  hypothesis w i l l  be p resen ted  along 
w ith  o th e r a l te r n a t iv e  hypotheses fo r  the  in te s t in a l  ab so rp tion  
of weak e le c t r o ly te s .
1 .3 A cid-base changes in th e  sm all in te s t in e
The maintenance of a reg io n  o f low pH a t  th e  mucosal su rface  of 
the  jejunum would re q u ire  a lo c a l s e c re tio n  of hydrogen ions or 
converse ly  ab so rp tio n  of b icarbonate  an io n s. A consequence of 
e i th e r  of th e se  s i tu a t io n s  would be a c id i f ic a t io n  o f the  lum inal 
c o n te n ts . The f i r s t  in d ic a tio n  o f th is  came from e a r ly  s tu d ie s  
looking fo r  a p o ss ib le  lin k  between r ic k e ts  and in te s t in a l  
ac id -b ase  b a lan ce . I t  was observed th a t  th e  lum inal co n ten ts  o f 
the  proxim al sm all in te s t in e  o f r a t s  (Redman, W illim ot & Wokes, 
1927; MeRobert, 1928; O ser, 1928) and dog (Grayzel & M ille r , 
1927; Graham & Emery, 1928) were more acid  than those of th e  
d i s t a l  sm all in t e s t in e .  This pH d i f f e r e n t i a l  between jejunum and 
ileum was l a t e r  a sso c ia te d  w ith a high PCO  ^ i n th e  jejunum and a 
low PCO  ^ in  th e  iieum of th e  dog (Robinson, Luckey & M ills , 
1943).
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Experim ents on everted  sacs o f r a t  jejunum (W ilson, 1953; W ilson, 
1956) dem onstrated th a t  th e  observed f a l l  in  lum inal pH was due 
to  a n e t t ra n s p o r t  of b icarbonate  in to  th e  s e ro sa l compartment 
where a r i s e  in  pH was n o ted . This was confirned  by th e  fin d in g s  
o f an in  v ivo  study  (P arsons, 1956) which examined changes in  pH
and PCC>2 on p e g g i n g  b ic a rb o n a te -s a lin e  so lu tio n s  through r a t  
sm all in te s t in e  in  s i t u . As before  the  jejunum a c id if ie d  i t s
lum inal p e rfu sa te s  w h ils t  absorbing b ic a rb o n a te , whereas
b icarb o n ate  accumulated in  the  i l e a l  lumen and the  p e rfu sa te
remained a lk a l in e .  I t  was proposed th a t  b icarb o n ate  ab so rp tio n  in
th e  jejunum occurs as a consequence of hydrogen ion se c re tio n
in to  th e  lumen, th e  hydrogen ions re a c tin g  w ith  th e  b ica rb o n a te
to  l ib e r a te  w ater and C02 WOuld then d if fu se  back in to  the
blood s tream . This hypothesis has in  i t s  favoure th e  high CO^  
le v e ls  observed in  th e  jejunum.
I t  was noted th a t  when th e  in te s t in e  was was p re tre a te d  w ith a 
carbonic anhydrase in h ib i to r  (P arsons, 1956) lum inal 
a c id i f ic a t io n  was reduced in  p a r a l le l  w ith  the  a b so rp tio n  of Na+, 
C l- and f l u i d .  This suggested the  p o s s ib i l i ty  th a t  hydrogen ion 
s e c re tio n  may be linked  to  Na+ ab so rp tio n . This Na+-H+ exchange 
process was a lso  proposed by Wilson & Kazyak (1957), who 
suggested the  hyd ro lysis  of w ater as a p o ssib le  source of 
hydrogen io n s . Evidence fo r  an e le c tro -n e u tra l  Na+-H+ exchange 
process was supplied  by s tu d ie s  on the  mechanisms of sodium and 
b ica rb o n a te  ab so rp tio n  in  the  human sm all in te s t in e  (Turnberg, 
F o rd tra n , C a rte r & R ector, 1970). A Na+-H+ exchange mechanism has
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a ls o  been dem onstrated in  th e  r a t  jejunum in  vivo (Hubei, 1973;
Podesta & M e ttr ic k , 1977)* In th e se  s tu d ie s  b icarbonate  was shown
to  s tim u la te  Na+ ab so rp tio n  w hile Na+ d e le t io n  in h ib ite d
b icarbonate  a b so rp tio n , reduced lum inal a c id i f ic a t io n  and lowered
lum inal PCO  ^ le v e l s .  This was a lso  dem onstrated in  th e  r a t
jejunum in  v i t r o  (Lucas, 1976). A dd itional evidence fo r  Na+-H+
exchange came from s tu d ie s  on brush border membrane v e s ic le s
prepared from r a t  sm all in te s t in e  (M urer, Hopfer & Kinne, 1976;
L iedtke & H opfer, 1977). In th ese  experim ents, when sodium was
added to  th e  o u ts id e  s o lu tio n  pro tons were e jec ted  from the
v e s ic le s .  A d d itio n a lly , the  c re a tio n  of a pH g rad ien t across the
v e s ic le s  (pH <pH , ) was shown to  s tim u la te  sodium accum ulation m  c out
in  the  v e s ic le s .  An a l te rn a t iv e  to  t h i s  mechanism fo r  
e le c tro - n e u tr a l  hydrogen ion s e c re tio n  has been proposed in  which 
K+ r a th e r  than Na+ i s  exchanged f o r  hydrogen ions (Lucas, 1976). 
A m inophylline, a phosphodiesterase  in h ib i to r ,  reduced lum inal 
a c id i f ic a t io n  in  th e  jejunum w hile causing a re v e rsa l of K+ 
t r a n s p o r t .  However th e re  was no d isc e rn ib le  e f fe c t  of 
am inophylline on Na+ f lu x .
S tud ies on everted  sacs o f r a t  jejunum (B la ir ,  Lucas & M atty, 
1975) dem onstrated th a t  a c id i f ic a t io n  can occur in  the  absence of 
g lucose but i s  increased  when the  glucose co n cen tra tio n  exceeds 
1mM. However a c id i f ic a t io n  i s  not a consequence of the  a c tiv e  
tra n s p o r t  of hexoses since  g a lac to se  and 3- 0-m ethyl g lucose , 
which a re  both a c t iv e ly  tran sp o rted  but not m etabo lised , had no 
e f f e c t  on a c id i f ic a t io n .  I t  has been proposed (B la ir  e t  a l.,1 9 7 5 )
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th a t  a c id i f ic a t io n  is  due to  the  ab so rp tio n  of m etabo lisab le  
sugars s in ce  mannose, which is  n o t a c t iv e ly  tra n sp o r te d ,
increased  a c id i f ic a t io n .  Exogenously app lied  ATP induced th e  
la r g e s t  in c rease  in  a c id i f ic a t io n  of a l l  agents te s te d  d e sp ite
th e  fa c t  th a t  ATP was shown n o t to  e n te r  the  in te s t in a l  c e l l s  
(B la ir  e t  a l . ,  '1975). These f in d in g s  led to  the  conclusion  th a t  
a c id i f ic a t io n  in  th e  jejunum occurs as a r e s u l t  o f th e  hydro lysis  
o f ATP produced from th e  ae ro b ic  metabolism of su g ars .
1.4 I n te s t in a l  su rface  pH s tu d ie s
The above a c id i f ic a t io n  s tu d ie s  provided in d ir e c t  evidence fo r  
th e  ex is ten ce  o f an acid  m icroclim ate  in  the jejunum, however,
th e  f i r s t  d ir e c t  evidence came from measurements of th e  mucosal 
su rface  pH of everted  sacs of r a t  jejunum using
pH -m icroelectrodes (Lucas, S chneider, Haberich & B la ir ,  1975). In 
th i s  s tudy  when the  pH of the incubation  medium was 7.14 the  pH 
a t  the  in te s t in a l  mucosal su rface  was 6 .30 . This acid pH reg ion  
was e x tr a c e l lu la r  and was not due to  c e l l  p e n e tra tio n  by th e  
e le c tro d e  sin ce  ta n g e n tia l  measurements a lso  y ie lded  acid  v a lu es . 
The fin d in g  of an acid  m icroclim ate  in  th e  r a t  jejunum in  v i t r o  
has s in ce  been confirm ed in  sev e ra l s tu d ie s  using 
pH -m icrolectrodes (Reehkemmer, Wahl, Kuschinsky & von E ngelhard t, 
1978; D an ie l, Neugebauer, K ratz & Rehner, 1985; Shimada, 1987) 
and a lso  using  la rg e r  su rface  e lec tro d es  when c e l l  p e n e tra tio n  is  
no longer fe a s ib le  (Lucas & B la ir ,  1978; Lucas, Lei & B la ir ,  
1980; Shiau, Fernandez, Jackson & McMonagle, 1985; D aniel &
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Rehner, 1986). An acid mucosal su rface  in  in v i t r o  r a t  jejunum 
has a lso  been dem onstrated u s in g  pH s e n s i t iv e  dyes (Shiau e t  a l . ,
1985) a lthough a p rev ious a ttem pt to  dem onstrate th is  f a i le d  
(Lucas e t  a l . ,  1975).
The presence o f D-glucose in  th e  in cu b atio n  medium has 
c o n s is te n t ly  been shown to  lower th e  microclimate* pH in  v i t r o  
(Lucas & B la ir ,  1978; Lucas e t  a l . ,  1980; D aniel & Rehner, 1986; 
Shimada, 19 &I).  A Lineweaver-Burk p lo t  o f th e  change in  su rface  
pH w ith  g lucose c o n cen tra tio n  dem onstrated an apparent Km of 2mM 
(Lucas e t  a l . ,  1980). This was v e ry  s im ila r  to  the  Km obtained 
fo r  glucose-enhanced lum inal a c id i f ic a t io n  in the  jejunum (B la ir  
e t  a l . ,  1975). S im ila r to  lum inal a c id i f ic a t io n  (B la ir  e t  a l . ,  
1975) i t  has been shown th a t  th e  m etabo lisab le  sugars fru c to se  
and mannose, as w e ll as g lu co se , lower the  su rface  pH in  v i t r o  
whereas the  non-m etabo lisab le  sugars g a lac to se  and 3- 0 -methyl 
g lucose  have no e f f e c t  (B la i r ,  H ilburn , Lucas & S aid , 1982; Shiau 
e t  a l . ,  1985; D aniel & Rehner, 1986). I n tr a g a s tr ic  and 
in trav en o u s a d m in is tra tio n  of g lu co se , f ru c to se  and mannose was 
a lso  shown to  lower su rface  pH in  the  jejunum (D aniel & Rehner,
1986). This would suggest th a t  th e  low su rface  pH in  th e  jejunum 
i s  r e la te d  to  sugar m etabolism . I t  has been suggested th a t  
hy d ro ly sis  of the  ATP produced by the  aerobic  metabolism of th ese  
sugars could be a source of hydrogen ions which would d iffu se  out 
in to  the  m icroclim ate reg io n . The presence o f a mucus la y e r  a t  
th e  mucosal su rface  probably h e lp s to  m ain tain  the  low su rface  pH 
in  the  jejunum by provid ing  a re s is ta n c e  to  the d if fu s io n  of
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hydrogen ions (B la ir  e t  a l . ,  1975). Evidence fo r  th is  was
provided by th e  f in d in g  th a t  D L - d ith io th re i to l , a drug which is  
known to  reduce su rface  mucus (Lucas & Cannon, 1983), e lev a ted  
th e  r a t  je ju n a l  su rface  pH in  v i t r o  (Shimada, 1987). Reducing the 
mucus la y e r  by sp inn ing  a lso  e lev a te s  the  je ju n a l su rface  pH 
(Shiau e t  a l . ,  1985). This l a t t e r  fin d in g  led  th e  in v e s t ig a to rs  
to  propose a mechanism fo r  the  maintenance of an acid  
m icroclim ate  in  the  jejunum in  which hydrogen ion se c re tio n  plays 
no p a r t .  In s te a d , i t  was p o s tu la te d  th a t  the  low mucosal su rface  
pH i s  m aintained by th e  ampholyte p ro p e r tie s  of mucus. Mucus is  
p o s i t iv e ly  charged a t  low pH and n e g a tiv e ly  charged a t  high pH. 
T h ere fo re , depending on th e  pH of th e  bulk so lu tio n  in  the  lumen, 
hydrogen ions w ill  e i th e r  be a t t r a c te d  o r re p e lle d  by the  
su rface -ad h e rin g  mucus la y e r  thereby  m ain tain ing  the  pH 
r e l a t i v e l y  c o n s ta n t. Lowering of the m icroclim ate pH in  the  
presence o f g lucose was explained by increased  mucus p roduction . 
A re c e n t f in d in g  th a t  glucose did not cause a th icken ing  of the  
m icroclim ate  reg io n  d e sp ite  lowering the  pH (Shimada, 1987) i s  
in c o n s is te n t w ith  glucose in c reas in g  mucus p roduction . T herefo re , 
a lthough  conclusive  evidence is  la c k in g , i t  would appear th a t  
w hile mucus probably does p lay  an im portant ro le  in  help ing  to  
m ain tain  a low su rface  pH, a source of hydrogen ions is  probably 
a ls o  n e ce ssa ry .
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I t  has been suggested th a t  an acid  su rface  pH (o r lum inal 
a c id i f ic a t io n  in  g en e ra l)  i s  a p h y sio lo g ica l a r te f a c t  o f t is s u e  
anoxia (Flemstrom, N ylander, Hurst & H eylings, 1982). This was 
disproved by th e  o b se rv a tio n  th a t  when anoxia was induced in  in  
v i t r o  p rep a ra tio n s  th e  su rface  pH was e lev a ted  (Lucas e t  a l . ,  
1980). T herefore an anoxic p re p a ra tio n  has an a lk a l in e  su rface  
r a th e r  than  an a c id ic  one. However i t  is  d i f f i c u l t  to  prove 
c o n c lu s iv e ly  th a t  an in  v i t r o  p re p a ra tio n  i s  rece iv in g  a f u l l  
oxygen supply . This doubt was d isp e lle d  by th e  measurement of a 
low mucosal su rface  pH in  r a t  jejunum in  vivo (Lucas, 1983; 
Hogerle & Winne, 1983; Iw atsubo, Yuasa, Iga & Hanano, 1986) when 
th e  t i s s u e  has a f u l l  blood supply . In  these  p rep a ra tio n s  anoxia 
was out o f the  question  and indeed , when anoxia was induced 
d e l ib e ra te ly  by occluding th e  a f f e r e n t  blood v esse ls  supplying 
th e  t i s s u e  (Lucas, 1983) th e  su rface  pH became a lk a lin e  as in  the  
p rev ious in  v i t r o  study (Lucas e t  a l . ,  1980). When glucose was 
adm in istered  to  th e  anoxic t is s u e  the  acid  su rface  pH re tu rned  
(Lucas, 1983). However, applying glucose to  h ea lth y  in  vivo 
t i s s u e  had no s ig n if ic a n t  e f f e c t  on su rface  pH (Lucas, 1983; 
Iwatsubo e t  a l . ,  19 86) .  I t  was proposed th a t  th e  in  vivo
p rep a ra tio n  would be re c e iv in g  a f u l l  supply of glucose from th e  
system ic c i r c u la t io n  and hence adding more glucose would have no 
a d d itio n a l e f f e c t .  On th e  o th e r  hand, when the  t is su e  is  made 
anoxic i t  becomes akin to  an in  v i t r o  p rep a ra tio n : th e  presence 
of g lu co se , th e re fo re , m ain ta ins the  low su rface  pH (Lucas & 
B la ir ,  1978; Lucas e t  a l .  , 1980; Daniel & Rehner, 1986; Shimada,
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1987).
There i s  evidence fo r  an e le c tro n e u tra l  Na^ "»-H"^  exchange process 
in  th e  r a t  jejunum (Hubei, 1973; Lucas, 1976; Murer e t  a l . ,  1976; 
Podesta & M e ttr ic k , 1977; Cassano e t  a l . ,  1984). I t  has been
suggested  th a t  th i s  process i s  th e  mechanism fo r the  se c re tio n  of 
hydrogen io n s  in to  th e  m icroclim ate  re g io n . As w e ll as th e  above 
evidence from a c id i f ic a t io n  s tu d ie s  i t  has been shown th a t  
reducing th e  sodium co n ce n tra tio n  in  th e  bulk so lu tio n  e lev a te s  
th e  mucosal su rface  pH in  v i t r o  (Lucas e t  a l . ,  1980; Shimada,
1987) and in  v ivo  (Iwatsubo e t  a l . ,  19 86). However one study 
(Shiau e t  a l . ,  1985) has f a i le d  to  show any e f f e c t  of sodium
c o n ce n tra tio n  on su rface  pH in  v i t r o . A d d itio n a lly  i t  has been 
shown th a t  ouabain (Lucas & B la ir ,  1978; Iwatsubo e t  a l . ,  1986), 
am ilo ride  and chlorprom azine (Iwatsubo e t  a l . ,  1986) e le v a te
je ju n a l su rfa ce  pH. Since a l l  o f th ese  trea tm en ts  a f f e c t  sodium 
tra n s p o r t  i t  was concluded th a t  th is  was evidence fo r  Na+-H+ 
exchange being a source of protons fo r the je ju n a l acid  
m ic ro c lim ate . However, an a l te rn a t iv e  hypo thesis, a lso  invoking 
sodium, has been proposed to  account fo r the  genera tion  of
hydrogen io n s . The presence of hydrogen ions in  th e  m icroclim ate 
reg io n  i s  a t t r ib u te d  to  la c ta te  derived from g ly co ly s is  (Daniel & 
Rehner, 19 86). I t  i s  proposed th a t  a sm all p ro po rtion  o f th is  
m e ta b o lite , e x is t in g  as la c t ic  a c id , p en e tra te s  the  brush border 
membrane. The l a c t i c  acid  would then d is so c ia te  to  give la c ta te  
and hydrogen io n s . The la c ta te  i s  reabsorbed by an e le c tro n e u tra l  
lac ta te -N a+  c o tra n sp o r t system which has been demonstrated in  the
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brush border membrane of sm all in te s t in a l  e p i th e l ia l  c e l l s  
(Hildemann, Haase, Barac-N ieto & Murer, 1980). The protons would 
accum ulate in  the  m icroclim ate  re g io n . In  support of th i s  an 
ex ten siv e  la c ta te  t ra n s p o r t  by je ju n a l e p i th e l ia l  c e l l s  has been 
observed (W ilson & Wiseman, 1954) and i t  was p o s tu la ted  th a t  
hydrogen ions a re  e lim ina ted  mucosally and la c ta te  s e r o s a l ly .  
However, an o th er study (B la ir  e t  a l . ,  1975) has dem onstrated th a t  
on ly  a sm all percen tage of the  hydrogen ions sec re ted  in to  the  
je ju n a l lumen can be a t t r ib u te d  to  l a c t a t e .
In a l l  of th ese  s tu d ie s  the  e levated  su rface  pH was s t i l l  
s ig n i f ic a n t ly  low er than  th e  bulk so lu tio n  pH in fe r r in g  th a t  
th e re  must be some o th e r  source of hydrogen io n s . An ATP driven  
H+ pump has been dem onstrated in  ren a l brush border membranes 
(K in n e -S affran , 1985). I t  i s  unknown whether th is  type of proton 
pump e x is t s  in  th e  in te s t in a l  brush border however th e  
o b servation  th a t  m ucosally adm inistered ATP causes a la rg e  
in c rease  in  lum inal a c id i f ic a t io n  in  the r a t  jejunum (Lucas & 
B la ir ,  1978) i s  c o n s is te n t w ith the  ex istence  o f such a pump.
Whatever mechanism might be resp o n sib le  fo r  producing lum ina lly  
d ire c ted  hydrogen io n s , a re c en t study (Daniel e t  a l . ,  1985) has 
lo c a lis e d  th e  s i t e  o f the  acid  m icroclim ate in  the  jejunum to  th e  
upper th i r d  p a r t of the  v i l l u s ,  in the  reg ion  ju s t  below the 
v i l lu s  t i p .  Using antimony m icroelectrodes a pH g ra d ie n t was 
dem onstrated along the  je ju n a l v i l lu s - c ry p t  a x is ,  a lk a lin e  values 
being measured in  the  c ry p t reg ion  and the  pH f a l l in g  to  a
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minimum approxim ately  50um below th e  v i l lu s  t i p .  Another re c en t 
s tu d y  (Shimada, 1987) using  liq u id  ion exchange pH 
m ic ro e lec tro d es  f a i le d  to  dem onstrate a d iffe re n c e  in  pH between 
th e  c ry p t and the  v i l lu s  t i p .  However i t  i s  u n c lea r i f  the  
p o s i t io n  o f th e  e le c tro d e  t ip  was observed in  th is  l a t t e r  s tu d y .
The phosphod iesterase  in h ib i to r ,  am inophylline, caused an 
e le v a tio n  of r a t  je ju n a l su rface  pH in  v i tro  to  near n e u tra l 
va lues (Lucas & B la ir ,  1978). I t  was proposed th a t e levated
i n t r a c e l l u l a r  cAMP le v e ls  causing back d if fu s io n  of hydrogen ions 
in to  th e  c e l l  might be the  reason fo r t h i s .  However,
am inophylline  in h ib i t s  both adenyla te  and guanylate  cyclase  
(Q u ill & W eiser, 1975) and th e re fo re  cGMP may a lso  have caused 
th e  observed mucosal a lk a l in is a t io n .  A lso, since  sev e ra l 
b a c te r ia l  en te ro to x in s  eg cholera  to x in , E .c o li  h eat la b i le  
e n te ro to x in  and E .c o li  heat s ta b le  en te ro to x in  a re  known to
e le v a te  i n t r a c e l lu l a r  c y c lic  nuc leo tide  le v e ls  th e re  is  a 
p o s s i b i l i t y  th a t  th ese  agents may e lev a te  th e  m icroclim ate pH.
There i s  a ls o  d i r e c t  evidence fo r  the ex istence  of an acid
m icroclim ate  in  the  human jejunum. This was f i r s t  obtained from 
measurements on human je ju n a l biopsy samples in  v i t r o  using  
m in ia tu r ise d  pH e le c tro d e s  (Lucas & B la ir ,  1978; Lucas, Cooper, 
L e i, Holmes, Johnson, B la ir  & Cooke, 1978; K i t i s , Lucas, Bishop, 
S a rg en t, Schneider, B la ir  & A llan , 1982). These s tu d ie s  
dem onstrated t h a t ,  l ik e  th e  r a t ,  th e  human jejunum m aintains an 
acid  su rface  pH in  v i t r o  when incubated in  n e u tra l b u ffe r
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s o lu t io n s .  The values obtained were very  s im ila r  to  those 
ob tained  in  th e  r a t .  C onfirm ation of th i s  acid  su rface  pH in  
human jejunum has been supp lied  by the  r e s u l t s  of a re c en t study 
where th e  human je ju n a l su rface  pH was measured in  vivo 
(R aw lings, Lucas & R usse l, 1987). Using s p e c ia l ly  co n stru c ted  
p la s t i c  pH e le c tro d e s  (Rawlings & Lucas, 1985) a ttached  to  a 
Crosby je ju n a l  b iopsy  capsule the  pH a t  the  mucosal su rface  could 
be e a s i ly  measured in  s i t u . As w ith th e  r a t  s tu d ie s  described  
above th ese  in  vivo measurements d isp e lle d  any doubts as to  th e  
v a l i d i l i t y  o f measurements on iso la te d  t i s s u e ,  the  values 
ob tained  being c o n s is te n t w ith the  values measured in  v i t r o .
Although the  bulk of su rface  pH s tu d ie s  stem from the  r a t  
jejunum , measurements o f i l e a l  and colonic  su rface  pH have a lso  
been re p o r te d . In the  r a t  ileum in  vivo the pH a t  the mucosal 
su rfa ce  was 7 .2  (Lucas, 19 83) whereas the co lonic  mucosa had a pH 
of 6 .7  (McNeil, Ling & Wager, 1987). As a comparison between 
omnivores and herb iv o res  the  mucosal su rface  pH of in  vivo guinea 
p ig  proxim al jejunum was shown to  be s l ig h t ly  a lk a lin e  (Lucas, 
1983). This c le a r ly  in d ic a te s  th a t  th e re  may be a d iffe ren c e  
between th e  m icroclim ate pH of omnivores and h e rb iv o res .
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1.5 A lte rn a t iv e s  to  the  m icroclim ate  hypothesis
( i )  The a lk a l in e  m icroclim ate
Before d i r e c t  evidence fo r  the  ex isten ce  of an a c id ic  
m icroclim ate  in  th e  jejunum had become a v a ila b le ,  an a l te rn a t iv e  
hypo thesis  was put forward to  exp lain  d ev ia tio n s  from the  pH 
p a r t i t io n  th e o ry . In  th i s  system an a lk a lin e  compartment lo cated  
in  th e  s u b e p i th e l ia l  e x t r a c e l lu la r  space was proposed to  account 
fo r  anom alies in  i n te s t in a l  weak e le c tro ly te  abso rp tion  (Jackson, 
S h iau , Bane & Fox, 1974). Understanding th a t  an in te rm ed ia te  
compartment need o n ly  have a d if f e r e n t  pH to  th a t  of the two end 
compartments fo r  a l t e r a t io n s  in  weak e le c tro ly te  tra n sp o r t to  
occu r, Jackson (1974) derived a th ree  compartment m athem atical 
model w ith  which to  d esc rib e  weak e le c tro ly te  perm eation acro ss  
the i n t e s t in a l  ep ith e liu m . In th is  model th ree  aqueous 
compartments a re  arranged in  s e r ie s .  The in te rm ed ia te  compartment 
has a d i f f e r e n t  pH to  th a t  of the  end compartments. This pH 
d if fe re n c e  prov ides the d riv in g  fo rce  fo r  the n e t tra n s p o r t  o f 
weak e le c t ro ly te s  from one end compartment to  the o th e r .  The 
d i r e c t io n  o f th i s  tra n s p o r t  i s  determined by the r e la t iv e  
p e rm e a b il itie s  o f th e  two membranes bounding the in te rm ed ia te  
compartment to  the  ion ised  and unionised species of the  
p a r t ic u la r  weak e le c t r o ly te .  The f lu x  r a t io  between the two end 
compartments was expressed by th e  fo llw ing equation (Jackson e t  
a l . ,  1974).
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where J = m u co sa l-to -se ro sa l flu x  ms
J = sero sa l-to -m u co sa l flux  sm
a l = ( pK  ^ - pKa); a2 = ( pH  ^ - pKa)
P^ = perm eab ility  to  ion ised  form 
Pn^ = p erm eab ility  to  unionised form 
pH  ^ and pH  ^ r e f e r  to  the end and in te rm ed ia te  compartment pH 
pKa i s  th a t  of the molecule under in v e s tig a tio n  
the s u b sc r ip ts  I and I I  r e f e r  to the f i r s t  and second membrane 
of the model
Applying th i s  model to  a s e r ie s  o f f lu x  r a t io  measurements from 
in  v i t r o  b a rb i tu ra te  abso rp tion  experim ents (Jackson & A ir a l l ,  
1978) i t  was repo rted  th a t  th e re  was a unique so lu tio n  to  the  
model and th a t  the  b e s t f i t  fo r  the data was achieved when a pH 
value of 8.1 was assigned to  th e  in te rm ed ia te  compartment. The 
o b serv a tio n  th a t  changing the  bulk so lu tio n  pH had no e f fe c t  on 
th e  ab so rp tio n  (Jackson & A ir a l l ,  1978) r a te  led the  
in v e s t ig a to r s  to  conclude th a t the  pH a t  the mucosa could no t be 
c o n tro l l in g  weak e le c t ro ly te  perm eation and th a t  th e  in te rm ed ia te  
compartment m ist be lo cated  in  th e  s u b e p ith e lia l  space. However, 
th e  e x is ten c e  of an e x tr a c e l lu la r  m icroclim ate which is  r e s i s ta n t  
to  changes in  b u ffe r  pH (Lucas e t  a l . ,  1980; Hogerle & Winne, 
1983; Shiau e t  a l . ,  1985; Iwatsubo e t  a l . ,  1986) would account 
fo r  th e  ab so rp tio n  ra te  rem aining unchanged. U ti l is in g  the  same 
d a ta  s e t ,  Lucas (1984) demonstrated th a t the  above model does not
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have a unique s o lu tio n  and th a t  a wide range of values fo r  the  pH 
of th e  in te rm ed ia te  compartment, both acid  and a lk a l in e ,  a re  
eq u a lly  p ro b a b le . The p rev io u s ly  estim ated  in te rm ed ia te  
compartment pH of 8.1 was shown n o t to  provide the le a s t  squares 
b e s t  f i t  fo r  the  d a ta ,  th e  re s id u a l sum of squares fo r  th i s  value 
being g re a te r  than th e  minimum. In the l ig h t  o f th i s  evidence and 
a ls o  in  view of th e  evidence fo r  th e  ex is ten ce  of of an acid  
m icroclim ate  in  the  jejunum the  a lk a l in e  s u b e p ith e lia l  
compartment hypothesis has very l i t t l e  in  i t s  fav o u r.
( i i )  Ion ised  perm eation
The main c o n d itio n  of th e  pH p a r t i t io n  hypothesis is  th a t  th e  
io n ised  sp ec ie s  of weak e le c tro ly te s  w ill  no t t ra v e rs e  the  
in t e s t in a l  ep ithe lium  to  any g re a t e x te n t . However ion ised  
perm eation has been p o s tu la te d  as an a l te rn a t iv e  to  the  
m icroclim ate  hypothesis to  exp lain  experim en tally  observed 
d e v ia tio n s  from th e  pH p a r t i t io n  theory  (Nogami & Matsuzawa, 
1961; Nogami & Matsuzawa, 1962; Crouthamel, Tan, D i t t e r t  & 
D o lu is io , 1971; B ridges, Parke, S h illin g fo rd  & U p sh ill, 1976). In 
th ese  s tu d ie s , drug ab so rp tio n  was in v estig a ted  over a range of 
pH v a lu e s , th e  bulk so lu tio n  pH being used to  determ ine th e  r a t i o  
o f th e  unionised to  the  ion ised  species  presented a t  the  
i n t e s t in a l  su rface  fo r ab so rp tio n . The ex istence  of an acid 
m ic ro c lim ate , however, makes th is  type of an a ly s is  f u t i l e  since  
the  bulk pH would not n e c e s sa r i ly  be th a t  p rev a ilin g  a t  the  
mucosal su rfa c e . In f a c t  the  d ev ia tio n s  from the  pH p a r t i t io n
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theo ry  observed in  th ese  s tu d ie s  can be explained i f  a
m icroclim ate  i s  taken  in to  c o n s id e ra tio n . Hence i f ,  as the
c u rre n t evidence su g g es ts , a m icroclim ate does e x i s t ,  th e re  is  
l i t t l e  evidence fo r  ion ised  perm eation across the  c e l l  membrane.
The in te s t in a l  ep ith e liu m  is  known to  be a ’leak y ' t is s u e  and 
th e re fo re  th e  p a ra c e llu la r  pathway through th e  ’ t ig h t  ju n c tio n s ' 
should be considered as a p o ssib le  ro u te  fo r  ion ised  drug 
perm eation . However, even ta k in g  th i s  In to  c o n s id e ra tio n , on the  
b a s is  o f in  v i t r o  u n id ire c tio n a l flux  r a t io  measurements in  th e  
r a t  sm all i n t e s t in e ,  th e  p e rm eab ility  of the  ion ised  form has
been shown to  be extrem ely low, le ss  than 1/1000 th a t  of th e
io n ised  form (Jackson & A ir a l l ,  1978). Therefore the  ro le  of 
io n ised  perm eation in  the  o v e ra ll drug absorp tion  process can 
p robably  be regarded as being of l i t t l e  consequence.
There i s ,  however, a p o s s ib i l i ty  of drug molecules being 
en tra in ed  in  th e  f lu id  flu x  through p a ra c e llu la r  aqueous 
ch an n e ls . S ince f lu id  can be e i th e r  absorbed or sec re ted  by th e  
i n te s t in a l  ep ithe lium  changes in n e t f lu id  tra n sp o r t could a l t e r  
th e  r a te  of drug ab so rp tio n . This w ill depend la rg e ly  on the s iz e  
o f th e  in d iv id u a l m olecule, sm alle r molecules being a ffe c te d  to  a 
g re a te r  e x te n t .  Evidence fo r  f lu id  en tra inm en t, o r so lv en t d rag , 
a f fe c t in g  in te s t in a l  drug ab so rp tio n  has been presented  fo r  th e  
weak a c id s ,  s a l i c y l ic  acid  and benzoic acid (O chsenfahrt & Winne, 
1974; K arino , Hayashi, H orie, Awazu & Hanano, 1982; K arino, 
H ayashi, Awazu & Hanano, 1982) and the weak bases, an tip y rin e  and
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am idopyrine (O chsenfahrt & Winne, 1974; Karino e t  a l . ,  .1982;
K arino e t  a l . ,  1982). However, i t  should be noted th a t  th ese  a re  
r e l a t i v e ly  sm all drug m olecules. A la rg e r  drug m olecule, 
c e p h a lo th in , was u n affec ted  by changes in  f lu id  movement (K arino 
e t  a l . , 1982). T h ere fo re , a lthough f lu id  en trainm ent w ill  a f f e c t  
drug ab so rp tio n  i t  i s  probably  only  im portant fo r  sm all 
m olecu les.
( iv )  U n stirred  w ater la y e r
A s tag n an t or u n s tir re d  w ater la y e r  e x is t s  a t  the  mucosal 
membrane of th e  in t e s t in a l  lumen (D ietschy, S a llee  & W ilson, 
1971). This la y e r  i s  unaffec ted  by tu rbu lence in  the  bulk phase 
o f th e  lum inal s o lu tio n  u n le ss  i t  is  being r ig o ro u s ly  s t i r r e d .  
D iffu s io n  a c ro ss  th i s  la y e r  w il l  cause d is c e rn ib le  a l te r a t io n s  in  
th e  ab so rp tio n  r a te  i f  tra n s p o r t  of the molecule across the  
mucosal membrane i s  f a s t e r  than th e  r a te  of movement across  the  
u n s t i r r e d  la y e r .  Because o f th i s  th e  u n s tir re d  w ater la y e r has 
been invoked as a p o ss ib le  ex p lana tion  fo r  the  anomalies observed 
in  th e  ab so rp tio n  of weakly d is so c ia b le  drugs (D ietschy e t  a l . ,  
1971; Winne, 1977, Thomson & D ietschy , 1984). T h e o re tic a lly , 
reducing  tu rbu lence  and hence inc reasin g  the e ffe c t iv e  u n s tir re d  
la y e r  th ick n ess  would d im inish  the  perm eation r a te  and would 
s h i f t  th e  pH ab so rp tio n  curve sideward (Winne, 1977). However, i t  
has been dem onstrated th a t  th e  u n s tir re d  la y e r  is  not the  main 
fa c to r  causing the  d ev ia tio n s  from the  pH p a r t i t io n  theory  in the  
r a t  jejunum (Hogerle & Winne, 1983). In th is  study reducing 
u n s t i r r e d  la y e r  th ick n ess  increased the permeation ra te  fo r both
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amino pyrine and benzoic acid  although the  d ev ia tio n s  from the  
p red ic ted  pH ab so rp tio n  curves rem ained. In  p a r a l le l  experim ents 
th e  mucosal su rfa ce  pH was measured a t  the  d if f e r e n t  bulk pH 
v a lues used to  determ ine th e  pH ab so rp tio n  cu rves. The values 
ob tained  were then compaired w ith values c a lc u la te d  from the  drug 
a b so rp tio n  d a ta .  The c lo se  s im i la r i t i e s  between th e  observed and 
p red ic ted  values led to  the  conclusion  th a t  the  perm eation r a te  
o f organic weak e le c t ro ly te s  is  determ ined p rim a rily  by th e  
m icroclim ate  pH. Therefore although the  u n s tir re d  la y e r can 
c o n tr ib u te  to  a l te r a t io n s  in  the  in t e s t in a l  perm eation of drugs 
i t  on ly  p re sen ts  a r e s is ta n c e  to  d iffu s io n  and th e re fo re  is  
p robably  no t re sp o n sib le  fo r  weak e le c tro ly te s  no t conforming to  
th e  unmodified pH p a r t i t io n  hypothesis in  the  small in te s t in e .
Obviously th e re  a re  o th e r  p h y s io lo g ica l fa c to rs  which can a f f e c t  
drug ab so rp tio n  from the  sm all in te s t in e  eg in te s t in a l  blood 
flo w , m o t i l i ty ,  in t e s t in a l  t r a n s i t  time e tc .  However th ese  a re  
ou tw ith  the  scope of th is  s tudy  and while they  must be 
acknowledged they  w il l  no t be d e a lt  w ith in  any d e t a i l .
1.6 Drug ab so rp tion  in  in te s t in a l  d isease  -  
th e  m icroclim ate r e v is i te d  
To d a te  very  l i t t l e  is  known about the  way in  which in te s t in a l  
d isea se  a f fe c ts  drug a b so rp tio n . I f  the  m icroclim ate hypothesis 
does apply  to  weak e le c t ro ly te  ab so rp tio n , then  any d isease  
process d is ru p tin g  the mechanisms m ain tain ing  the je ju n a l acid  
m icroclim ate  would cause an e le v a tio n  o f the  mucosal su rface  pH
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re s u l t in g  in  a l t e r a t io n s  to  weak e le c t ro ly te  tra n s p o r t  and o th e r 
pH dependent p ro c e sses . Weak e le c t r o ly te  abso rp tion  would be 
a ffe c te d  to  th e  e x te n t th a t  weak ac id s  would be malabsorbed w hile 
weak bases should have th e i r  a b so rp tio n  enhanced. Supporting th i s  
view , an e leva ted  je ju n a l mucosal su rface  pH has been measured in  
human c o e lia c  and Crohn’s d isea se  (Lucas e t  a l . ,  1978; Rawlings 
e t  a l . ,  19&/0 where in c reased  plasma le v e ls  of the  weak base , 
p rop rano lo l have been d e tec ted  a f t e r  o ra l ad m in is tra tio n  
(S chneider, M itchard , Hoare & Hawkins, 1976; Parsons, 1978). 
S im ila r ly , e lev a ted  serum le v e ls  o f the  weak base a n tim a la r ia ls  
qu in ine  and trim ethoprim  were observed in  co e liac  d isea se  
(M a til la , J u s s i la  & Takki, 1973). I t  is  d i f f i c u l t  to  exp lain  th i s  
increased  weak base a b so rp tio n  in  d isea se  s ta te s  which a re  
norm ally  c h a ra c te r is e d  by m alabsorp tion  w ithout recou rse  t o . the  
i n te s t in a l  m icroclim ate pH. Of course many o th e r fa c to rs  a re  
involved in  human d isease  s t a t e s  and th ese  w ill  unavoidably 
com plicate  th e  in te r p r e ta t io n  o f any r e s u l t s  o b ta in ed .
In an a ttem p t to  e lim in a te  th ese  com plications an a ttem p t has 
been made to  s im u la te  human in te s t in a l  d isease  in  r a t s  w ith a 
view to  in v e s t ig a tin g  drug ab so rp tio n  under th ese  co n d itio n s  
(Lynch, 1986). In  th is  study v a rio u s  agen ts  were used to  induce a 
m alabsorp tive  s t a t e  in  th e  r a t  jejunum in  v iv o . Of th e s e , the  
h ea t s ta b le  e n te ro to x in  of E scherich ia  c o l i . STa, was observed to  
induce a mild f lu id  se c re tio n  in  perfused je ju n a l loops while 
a ls o  causing a re v e rsa l o f th e  normal lum inal a c id i f ic a t io n  to  
a lk a l in is a t io n  of the  p e rfu sin g  b u f fe r .  Under these  cond itions
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the  weak ac id s  f o l i c  acid  and s a l i c y l ic  acid were malabsorbed 
w hile the  weak bases p ro p rano lo l and trim ethoprim  were absorbed 
a t  a f a s t e r  r a t e .  I t  was proposed th a t  the  changes in  lum inal 
ac id -b ase  balance in  th e  presence o f STa would change th e  pH a t  
th e  je ju n a l mucosal su rface  and th a t  th i s  p red ic ted  su rface  pH 
change caused th e  a l t e r a t io n s  to  weak e le c t ro ly te  up take. As w ith  
the  human s tu d ie s  i t  is  d i f f i c u l t  to  exp lain  an e lev a tio n  of weak 
base ab so rp tio n  during  unfavourable f lu id  s e c re tio n  u n le ss  th e  
m icroclim ate  pH is  taken  in to  c o n s id e ra tio n .
In th e  l ig h t  of th ese  o b serv a tio n s  th e  o b je c tiv e s  o f th e  p re sen t 
p ro je c t were proposed. These were as fo llo w ss-
1/ To fin d  p o ss ib le  a l te r n a t iv e s  to  E .c o li  STa en te ro to x in  fo r  
the  induction  o f s e c re to ry  s ta t e s  in  the in  vivo r a t  in te s t in a l  
loop p re p a ra tio n .
2/ To measure th e  mucosal su rface  pH of r a t  jejunum and ileum in  
vivo and to  in v e s t ig a te  the  e f f e c t  of E .c o li STa e n te ro to x in  and 
o th e r  s e c re to ry  a g en ts .
3 / To measure the  in te s t in a l  v i l lu s  pH p ro f i le  in  r a t s  in  the  
presence o f E .c o li  STa e n te ro to x in  to  a sc e r ta in  which v i l lu s  
reg io n  i s  a f fe c te d  by STa.
4/ To study th e  ab so rp tio n  o f weakly d is so c ia b le  drugs in  the  
presence o f STa.
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I t  was hoped th a t  by com pleting th ese  o b je c tiv e s  th e  m icroclim ate 
hypo thesis  would be te s te d  hence providing a b e t t e r  understanding 
o f drug ab so rp tio n  in  g e n e ra l.
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2 MATERIALS AND METHODS
2.1 SOURCE OF CHEMICALS
S a lic y lic  a c id , po lye thy lene  g lyco l 4000, th eo p h y llin e , 
8-bromoguanosine B’ iB '-c y c lic  monophosphate, 8-bromoadenosine 
3 ’ :5 ’-c y c lic  monophosphate were purchased from Sigma Chemical 
Company, Poole, D o rse t, England; s tandard  pH b u ffe rs  from B r it is h  
Drug Houses, Poole, D o rse t, England; In s ta g e l and Soluene 350 
from Packard Instrum ent Company, Caversham, Berks, England; 
E coscin t from N ational D iag n o stic s , New Je rse y , USA; isopropanol 
from Koch-Light L td , H a v e rh ill, S u ffo lk , England; hydrogen 
peroxide from F isons p ic , Loughborough, L e ics, England; Dorbanex 
F o rte  from Riker L a b o ra to rie s , Loughborough, -L eics, England; 
S aga tal from May & Baker L td , Dagenham, Essex, England; 
d ich lo ro d im e th y ls ilan e  and TDDA-based ion exchanger from Fluka, 
Neu-Ulm, FRG.
Phenytoin was a g i f t  from May & Baker Ltd; lig n o ca in e  from Boots 
p ic , Nottingham, England; amphetamine and morphine from Dr W. 
W ilson, Glasgow U n iv e rs ity , Glasgow, Scotland; fo rsk o lin  from 
P ro fesso rs  Rummel and B ridges, U n iv ers ity  of Homburg, Hombur^g, 
FRG; sy n th e tic  E .c o li  STh(6-19) pep tide from Professor Y. 
Shim onishi, Osaka U n iv e rs ity , S u ita , Japan.
A ll o th e r  chem icals used were of a n a ly t ic a l  reagen t grade and 
were supplied  by Sigma or B r i t is h  Drug Houses.
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Fi gure  2 . 1  (a)  S t r u c t u r a l  formulae and s p e c i f i c  a c t i v i t i e s
o f  l a b e l l e d  compounds.  Arrows i n d i c a t e  l o c a t i o n  o f  l a b e l .
[14CJ~ Amphetamine (S.A. 49mCi /mmol)
NHCOCH N (C H )
[14-C1-U gnocaine (S.A. 52mCi/mmol)
HO
NCH
( S . A .  5 6 m C i  /  m m o l )[ 1 AC] -Morphine
Fi gure  2 . 1 ( h ) .  S t r u c t u r a l  formulac  anti s p e c i f i c  a c t i v i t i e s
o f  l a b e l l e d  compounds ( c o n t d ) .
[ 14C] ■ Phenyfoin ( S.A. 58mCi/mmol)
I I I I II
H0CH2 CH 0(CH2CH20)n CH CH OH 
[ 3 H ] " Polyethylene glycol 4-000 (S.A. 1 • 2mCi/ g)I I l l l I
H0CH2CH 0(CH CH20)n CH2 CH20H 
[ 14C] -  Polyethylene glycol 4000 ( S.A. 0 SmCi Ig  )
[14C] - Sa l icy l ic  acid (S.A. 52mCi/mm ol)
2.2 SOURCE OF ISOTOPES
[ C] -Morphine and [ C]-Phenytoin were purchased from Amersham 
In te rn a tio n a l  p i c , Amersham, Bucks, England; [ ^C ]-L ignocaine , 
[ ^ C ] - S a l ic y l ic  a c id , [ ^C ]-P o ly e th y len e  g lyco l 4000 and
o
[ JH ]-P olyethylene g lyco l 4000 from New England N uclear, D re ie ich , 
14FRG; [ C ] -Amphetamine was purchased from Commissariat a 
l ’Energie A tanique, G if-su r-Y v e tte , France.
For s t r u c tu r a l  form ulae and sp e c if ic  a c t i v i t i e s  of la b e lled  
compounds r e f e r  to  f ig u re  2 .1 .
2 .3  SOURCE OF BACTERIAL ENTEROTOXINS
P u rif ie d  h e a t- s ta b le  (STa) E scherich ia  c o li  en te ro to x in  from E. 
c o l i  s t r a in  P16 was a g i f t  from Dr M.N. Burgess, Beeehams 
P harm aceu tica ls , Animal H ealth Research C entre, Walton Oaks, 
S urrey , England; p u r if ie d  Staphylococcus aureus d to x in  from Dr 
H. B irkbeck, Dept, of M icrobiology, Glasgow U n iversity ; p u r if ie d  
C lostrid ium  p e rf r  ingens type A en te ro to x in  was a g i f t  from Dr 
P.E . Granum, Norwegian Food Research I n s t i t u t e ,  Aas, Norway. 
P u r if ie d  V ibrio cho lera  to x in  was purchased from Sigma.
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2 .4  PERFUSED LOOP EXPERIMENTS
(a ) A naesthesia
Adult male W istar r a ts  (245-255g) were a n a esth e tised  i n i t i a l l y  by 
an in trap er ito n ea l in je c t io n  (80mg/kg body w eight) o f  
pentobarbitone (S a g a ta l) . A dd itional 6 mg a liq u o ts  of
pentobarbitone were adm inistered in to  the p er ito n ea l c a v ity  as 
req u ired . Body temperature was m aintained a t  37°C by a r e c t a l ly  
placed therm istor c o n tr o llin g  a h eatin g  ta b le  assem bly.
Follow ing the on set of a n a esth esia  the anim als were
tra ch a eo ta n ised . In the event o f r esp ira to ry  fa i lu r e  due to  
a cc id en ta l a n a esth e tic  overdose th e trachaeal cannula was 
connected to  a r e sp ir a to r  (55-3438; Harvard B io sc ie n c e , MA, USA) 
allow in g  the animal to  be a r t i f i c i a l l y  v e n tila te d  w ith a ir
(stro k e  volume -  2.5ml; r a te  -  60 strok es/m in u te) u n t i l
spontaneous r e sp ir a tio n  resumed.
(b) S u rg ica l procedure
Follow ing a m id line abdominal in c is io n ,  th e  proximal jejunum was 
e x te r io r is e d  and the ligam ent o f T re itz  (th e  duodeno-jejunal 
f le x u r e )  was lo c a te d . The in t e s t in e  was lig a te d  through th e  
mesentery ten  cen tim etres d is t a l  to  th is  p o in t and a sm all 
in c is io n  was made in  th e an tim esen ter ic  border im m ediately d i s t a l  
to  the l ig a tu r e . A p la s t ic  cannula (len g th  -  3cm; o u ts id e  
diam eter -  3mm; in tern a l diam eter -  1mm) was in serted  in to  the  
in c is io n  and secured by another l ig a t u r e .  Approximately f i f t e e n
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Fi gure  2 . 1  (a)  S t r u c t u r a l  formulae and s p e c i f i c  a c t i v i t i e s
o f  l a b e l l e d  compounds.  Arrows i n d i c a t e  l o c a t i o n  o f  l a b e l .
[14C]-Amphetamine (S.A. 49mCi /mmol)
NHCOCH N(C H,




Fi gure  2 . 1 ( b ) .  S t r u c t u r a l  formulae and s p e c i f i c  a c t i v i t i e s
o f  l a b e l l e d  compounds ( c o n t d ) .
[ 14 C ] "  Phenytoin (S.A. 58mCi/mmol)
M M  M
H0CH2 CH 0(CH2CH20)n CH CH OH 
[ 3 H ] - Polyethylene glycol 4000 (S.A. 1 2mCi / g)t I I i t t
HOCH CH 0(CH2CH20)nCH2 CH20H 
[ 14C]~ Polyethylene glycol 4000 ( S.A. 0-5mCi /g )
COOH
[14C1 - Sal i cy l i c  acid (S.A. S2mCi /mmol )
cen tim etres  d i s t a l  to  th is  en trance  cannula the in te s t in e  was 
l ig a te d  again and a fu r th e r  in c is io n  was rade in  the 
an tim esen te ric  border ju s t  proximal to  t h i s .  Ten m i l l i l i t r e s  of 
an iso to n ic  s a l in e  so lu tio n  (prewarmed to  37°C) was flushed  v ia  
the  en tran ce  cannula through the now iso la te d  I n te s t in a l  loop to  
remove any fa e c a l m a te r ia l .  The loop was then flushed w ith a i r  to  
remove as mich f lu id  as p o s s ib le . A second p la s t ic  cannula 
( le n g th  -  3.5cm; ou ts id e  d iam eter -  5mm; in te rn a l d iam eter -  3mm) 
was in se r te d  through the in c is io n  and t ie d  in to  p la ce . This 
cannula ( th e  e x i t  cannula) was made as la rg e  as p o ssib le  so as to  
m inim ise the  r i s k  of blockage by in te s t in a l  d e b r is . The completed 
is o la te d  loop of proximal jejunum with in ta c t  m esenteric 
v a sc u la tu re  was re tu rn ed  to  the p e rito n e a l c a v ity , a f t e r  which 
th e  abdominal w all was closed by loose su tu re s .
Loops of d i s t a l  ileum were prepared as described above fo r  the 
jejunum , th e  e x it  cannula being in se r ted  te n  cen tim etres proximal 
to  th e  i le o -c a e c a l va lve .
(c) P erfu sio n  d e ta i ls
The en trance and e x it cannulae were connected to  th e  p e rfusing  
s o lu tio n  re s e rv o ir  by f le x ib le  s i l ic o n  tubing ( in te rn a l diam eter 
-  2mm). The leng th  of tubing used was minimised to  reduce the
amount of dead space in  the system. With the r a t  disconnected 
from the  c i r c u i t  the  volume of the system was 2.2m l. The 
pgpfjjsate r e s e rv o ir  was s itu a te d  in  a water bath a t  37 C and was 
covered to  minimise e r ro rs  due to  evaporation of the p erfu sing
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s o lu t io n . A sm all p e r is t a l t ic  perfusion  pump (82 3^5 Crouzet,
England) ,  incorporated in to  th e p erfu sion  c ir c u i t  (F igure 2 .2 ) ,  
r e c ir c u la te d  perfusing so lu tio n  through the I n te s t in a l  loop a t a 
flow  r a te  o f 1ml/minute.
(d) Perfusing so lu tio n
The perfusing so lu tio n  used in th ese experim ents was 
K rebs-bicarbonate bu ffer  (Krebs & H en se le it , 1932) a d d it io n a lly  
conta in in g  5mg/ml of p o lyeth ylen e g ly c o l ,  average m olecular  
w eight approxim ately 4000 (PEG 4000) with 1uCi [ l2*C] PEG 4000 as 
a non-absorbable marker for f lu id  tran sp ort. In experim ents 
designed to  in v e s t ig a te  the e f f e c t s  of the fo llow in g  compounds 
th ese  were added to  the above so lu tio n  in the con cen tration s  
in d ica ted : E .c o l i  STa en terotax in  -  56ug/ml; C .perfringens type A 
en tero to x in  -  50ug/ml; fo r sk o lin  -  0.1m m ol/l. The b u ffer  was 
gassed  con tin u ou sly  with 9 5 :3% O^ rCO^  (v /v )  to  m aintain b u ffer  
PCO2 l e v e l s .
In experim ents designed to  in v e s t ig a te  the e f f e c t s  o f the  
commercial la x a tiv e  preparation , 'Dorbanex F orte1 , the su r fa c ta n t  
nature of the product caused ex cessiv e  fro th in g  when the  
susp en sion  was g assed . Because of t h i s ,  the perfusing s o lu t io n  
used in th ese experim ents was Krebs-phosphate b u ffer  (Krebs & 
H e n s e le it , 1932), which does not require g a ss in g . ’Dorbanex* was 
added to  th is  so lu tio n  to  g ive  a f in a l  danthron (th e  a c t iv e  
in g red ien t o f Dorbanex) concen tration  of 5mmol/l.


















pH was measured using a long-stemmed, g la s s  com bination pH 
e le c tro d e  (Corning L td , H alstead , Essex, England) connected to  a 
d ig i t a l  pH /voltm eter (Pye Unicam 9409). Before and a f t e r  each 
experim ent the  e lec tro d e  was c a lib ra te d  using  standard  b u ffe rs  a t  
pH 7 .0  and 4 .0 .
( f ) Experim ental p ro toco l
Before the  experim ent 15ml of th e  ap p ro p ria te  perfusing  so lu tio n  
was added to  the re s e rv o ir  and the  pH was ad justed  to  7 .40 . This 
s o lu tio n  was then  pumped through the  in te s t in a l  loop fo r  f i f t e e n  
nnnutes to  e q u il ib ra te  w ith re s id u a l f lu id  in the loop and to  
allow  fo r  any i n i t i a l  ad so rp tion  of the  PEG 4000 onto th e  mucosal 
s u r fa c e . At the end of th is  e q u ilib ra tio n  period the 'z e ro -tim e ' 
pH was measured and a 50ul sample was withdrawn from th e  
re s e rv o i r  w ith an autom atic p ip e tte .  This and a l l  subsequent 
p e rfu s a te  samples were d isso lved  in  10ml of Ecoscint (commercial 
e m u ls if ie r- ty p e  liq u id  s c in t i l l a t io n  f lu id )  in polythene 
s c i n t i l l a t i o n  v ia l s .  P e rfu sa te  samples and pH measurements were 
then taken a t  f i f t e e n  minute in te rv a ls  fo r the d u ra tio n  of the 
th re e  hour p e rfu s io n . At th e  end of the experiment the animals 
were k i l le d  by a n ae s th e tic  overdose and the in te s t in a l  loop was 
removed. The t is s u e  was then  d ried  to  constan t weight in  an oven 
a t  100°C and a l l  measurements were standard ised  fo r a loop dry 
w eight of 100mg.
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Figure z .  j  pH t i t r a t i o n  c u r v e :  15ml Krebs b i c a r b o n a t e  buffer, 
g a s s e d  c o n t i n u o u s l y  w i t h  9 5 : 5 2  ° 2 : C° 2  ( v / v )  t i t r a t e d  w i t h  







H* ( j j e q u i v . )
1200
(g) L iquid—s c i n f i l i a t ion counting of pe rfu sa te  samples
1 li
The [ C ] -a c t iv i ty  of th e  p e rfu sa te  samples (due to  [^C]-PEG 
4000) was counted in  a Packard T ri-carb  2425 liq u id  s c in t i l l a t i o n  
sp ec tropho tom eter. D e ta ils  of l iq u id  s c in t i l l a t io n  procedures a re  
g iven  in  s e c tio n  2 .7 (e ) .
(h) C a lc u la tio n  of p e rfu sa te  volume changes
Assuming n e g lig ib le  ab so rp tio n  of PEG 4000 across the  in te s t in a l  
mucosa the  fo llow ing  equation (2 .1 ) was used to  c a lc u la te  the  
f lu id  volumes a t  d i f f e r e n t  sample t in e s .
Vt  = {(Co/Ct ) X 15} ml (2 *1)
where: = p e rfu sa te  volume a t  tim e, t
14Cq - a c t i v i ty  of [ C]-PEG 4000 in  ' zero -tim e ' sample 
14Ct  = a c t iv i ty  of [ CJ-PEG 4000 a t  tim e, t
Equation 2.1 was used to  c a lc u la te  the p e rfu sa te  volume a t  
f i f t e e n  m inute in te rv a ls  fo r  the  e n t i r e  th re e  hour experim ental 
p e rio d . The l in e  of b est f i t  was obtained fo r  the  data  by l in e a r  
re g re s s io n  allow ing th e  r a te  of n e t f lu id  abso rp tion  or s e c re tio n  
to  be c a lc u la te d  fo r  each experim ent. These r a te s  were 
s tan d a rd ised  fo r  a t is s u e  dry weight of 10Ocqg.
( i )  C a lcu la tio n  of apparent n e t hydrogen ion sec re tio n
Molar s o lu tio n s  of hydrochloric acid or sodium hydroxide were 
t i t r a t e d  a g a in s t 15ml ° f  the  perfusing  so lu tio n  and the  pH 
t i t r a t i o n  curve obtained (Figure 2.3) was used to  convert the pH
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changes measured during  these experiments to  r a te s  of apparent 
n e t  hydrogen ion  s e c re tio n  or abso rp tio n .
2.5  MUCOSAL SURFACE pH EXPERIMENTS
(a ) S u rg ica l procedures
Adult male W istar r a t s  (300-400g) were anaesth e tised  and 
m aintained a t  37°C as described in Section 2 .4 (a ) . Following 
tracheotom y, a m idline abdaninal in c is io n  was made and a sec tio n  
o f sm all in te s t in e  was located  e i th e r  (a) ten  cen tim etres d i s t a l  
to  the ligam ent of T re itz  in je ju n a l experiments or (b) ten  
cen tim etres  proximal to  the ileo -caeca l valve in i l e a l  
experim ents. A f iv e  centim etre leng th  of in te s t in e  was iso la te d  
from th e  rem ainder of the in te s t in e  by l ig a tin g  through the 
m esentery and sec tio n in g . The base p la te  of a perfusion  chamber 
(F igure  2 .4) was then  placed above the abdomen. The iso la te d  
s e c tio n  of in te s t in e ,  w ith i t s  m esenteric blood supply in ta c t  was 
passed through a lo n g itu d in a l opening in  the  cen tre  of the  
chamber and c a re fu l ly  opened along the an tim esenteric  border. The 
opened in te s t in e  was mounted (mucosal surface up) onto the p ins 
surrounding  the opening. The top sec tion  of the chamber was then 
clamped down onto th e  cu t edges of the in te s t in e  by six  screws 
which served to  secure the top and bottom sec tions of the chamber 
to g e th e r . This clamping a lso  prevented any blood lo s s  from the
t i s s u e .
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F i g u r e  2 .  L\ D ia g ra m  o f  in  v i v o  p e r f u s i o n  c h a m b e r .  The
ch a m b e r  (A)  h a s  a b a s e  p l a t e  w i t h  p i n s  and a t o p  p l a t e ,  s e c u r e d  
t o  t h e  b a s e  p l a t e  by s i x  s c r e w s .  P e r f u s i o n  p o r t s  a l l o w  
p e r f u s i o n  o f  t h e  ch am be r  a t  d e s i r e d  f l o w  r a t e s .  The i n t e s t i n e  
i s  o p e n e d  and p a s s e d  t h r o u g h  t h e  b a s e  p l a t e  p r i o r  t o  p i n n i n g .  
M e s e n t e r i c  v a s c u l a t u r e  i s  i n t a c t  (B)  w i t h  t h e  m u c o s a ,  a f t e r  
p i n n i n g ,  p r o v i d i n g  a b a s e  f o r  t h e  u p p e r  ch am be r .
Line of section  
shown in B
O.
(i) exposed sheet of intestine, 
mucosa upwards
(ii) mesentery with intact 
blood supply
Prepared in  th is  manner, th is  chamber provided access to  the 
mucosal su rface  of a leng th  of in te s t in e  with undisturbed 
m esenteric  v ascu la tu re  (F igure 2 .5 ) .
In  experim ents designed to  in v e s t ig a te  the  e f fe c ts  of 
p re trea tm en t w ith cholera to x in  on mucosal su rface  pH, r a t s  were 
a n ae s th e tise d  as above and a one cen tim etre  abdominal in c is io n  
was made. Through th is  in c is io n  the proximal jejunum was located  
and 100ug of cho lera  toxin  in an iso to n ic  buffered so lu tio n  was 
in je c te d  f iv e  cen tim etres d is ta l  to  the ligam ent of T r e i tz .  The 
in te s t in e  was re tu rned  to  the  abdomen and an a n t ib a c te r ia l  agent 
was introduced in to  the p e rito n ea l c a v ity . The wound was then 
su tured  and the  animal was allowed to  recover. Seventeen hours 
l a t e r ,  the animal was rean aes th e tised  and a f iv e  cen tim etre  
s e c tio n  of proximal jejunum was mounted in  the  p e rfu sio n  chamber 
as b e fo re .
(b) P erfusion  d e ta i ls
F le x ib le  s i l ic o n  tubing ( in te rn a l  d iam eter -  2mm) was connected 
to  the  perfusion  p o rts  on the perfusion  chamber (f ig u re  2 .4 ) .  Two 
sm all p e r i s t a l t i c  pumps (82 344; C rouzet, England) served to  pump 
p e rfu sin g  so lu tio n  from a re s e rv o ir  (loca ted  in  a water bath a t  
37°C) in to  the chamber and from the chamber back to  the 
r e s e r v o i r .  This system re su lted  in  perfusing so lu tio n  being 
re c irc u la te d  through the chamber and thus over the in te s t in a l  
mucosal su rfa c e , a t  a flow ra te  of 1ml/minute.
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F i g u r e  2 . 5  P h o to g r a p h s  o f  in  v iv o  p e r f u s i o n  chamber p r e p a r a t i o n .
(c )  Perfusing  so lu tio n
The perfu sing  so lu tio n  was Krebs-phosphate b u ffe r  (Krebs & 
H e n se le it, 1932) to  which the follow ing compounds were added in  
th e  c o n cen tra tio n s  in d ica ted : E .c o li STa en tero to x in  -  I4ug/ml; 
th eo p h y llin e  -  20mmol/l; fo rsk o lin  -  1mmDl/l; 8-bromo cGMP - 
1 mmol/I or 20mmol/l; 8-bromo cAMP -  1mmol/l o r 20mmol/l; cho lera  
to x in  -  1Oug/ml; sy n th e tic  E .c o li STh(6 - 1Q) peptide -  250ng/ml;
S .aureus d en te ro to x in  -  1mg/ml.
(d ) Surface pH measurement
A m in ia tu rised  g la s s  pH e lec tro d e  (MI-506; M icroelectrodes I n c . ,  
Londonderry, N.H., USA) with a 1mm convex t ip  was connected to  a 
Pye Unicam 9^09 d ig i ta l  vo ltm eter with output to  a paper c h a rt 
re c o rd e r  (L in se is , FRG). The re ference  e lec trode  was a Ag/AgCl 
h a l f - c e l l  connected v ia  3% agar/3M KC1 bridging to  the  pe rfu sio n  
chamber. The pH e lec trode  had a slope of approxim ately 57mV/pH 
u n it over the  pH 6-8  range and had a response time (90% of f in a l  
va lue) of le s s  than 15 seconds. The e lec trode  d isplayed 
n e g lig ib le  d r i f t  over a period of six  hours and as the d u ra tio n  
of the  su rface  pH experiments was only one hour, d r i f t  was no t a 
source of measurement e r ro r .  The e lec trode  was always c a lib ra te d  
in  s tandard  b u ffers  a t  pH 6 and 8 before and a f te r  each 
experim en t.
(e) Experim ental protocol
P r io r  to  experim ent, Krebs-phosphate b u ffe r, prewarmed to  37°C 
was perfused through the chamber a t  1ml/minute. With the a id  of a
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P rio r  m icrom anipulator, the pH e lec tro d e  was introduced in to  the 
chamber and the  bulk pH of th e  perfusing  so lu tio n  was measured . 
Then, under d ire c t  v isu a l c o n tro l, the m icrom anipulator was used 
to  p lace th e  t ip  of th e  e lec tro d e  onto the in te s t in a l  mucosal 
s u r fa c e . When a s ta b le  s ig n a l was obtained the e lec tro d e  was 
withdrawn in to  the  bulk phase of th e  perfusing  so lu tio n  where the  
pH was rem easured. Three measurements of su rface  pH were c a rr ie d  
out in  th is  manner to  check fo r s t a b i l i ty  and re p ro d u c ib il i ty . 
Following th i s  the  chamber was emptied and the t e s t  so lu tio n  was 
perfused  through the  chamber fo r  s ix ty  m inutes. Measurements of 
su rfa ce  pH were tak en , as described above, a t  f iv e  minute 
in te rv a ls  up to  th i r ty  minutes and then a t  f i f t e e n  minute 
in te rv a ls  u n t i l  the end of the perfusion  period . At th is  p o in t 
th e  t e s t  so lu tio n  was removed from the chamber and replaced w ith 
f r e s h  Krebs-phosphate b u ffe r which was perfused fo r f i f t e e n  
m inutes before  the surface pH was f in a l ly  measured ag a in . A fte r 
the  experim ent the animal was k il le d  by an aesth etic  overdose.
2.6 MEASUREMENT OF pH PROFILE OF INTESTINAL VILLI
(a) pH m icroelectrode manufacture
Tri-n-dodecylam ine (TDDA)-based, liq u id  ion exchange (LIX) pH 
m ic ro e lec tro d es  (Figure 2.6) were prepared by a m odification  of 
th e  method f i r s t  described by Ammann and co-workers (1981) and 
based on the prototype design of Walker (1971). G lass
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F ig u r e  2 . 6
Diagram o f  TDDA-based pH m i c r o e l e c t r o d e
.Ag/AgCl w i r e
E l e c t r o d e  c h a r a c t e r i s t i c s
Tip d i a m e t e r  : 2-20 jjM 
Sl ope  : 55-60mV/pH u n i t  
Response  t i m e  : <15 s e c o n d s
C i t r a t e  b u f f e r  
(pH 5  A )
S i l a n i s e d  g l a s s
TDDA
H+ c o c k t a i  
( Fluka)
m ic ro p ip e tte s  were drawn from b o ro s il ic a te  g la ss  c a p i l la r ie s  
(1103232, Hilgenberg GmbH; M alsfe ld , FRG) to  give a t ip  d iam eter 
of 1um and a shank leng th  of 5mm. The m ic ro p ip e ttes  were then 
baked in an oven a t  100°C fo r  one hour. The in n e r w all of the  
m ic ro p ip e tte s  was made hydrophobic by s i la n is a t io n  w ith a 
so lu tio n  which consisted  of 1 . 75ul d ich lo ro d im eth y ls ilan e  
(DDS)/ml chloroform  (achieved by mixing equal volumes of the 
fo llow ing  two so lu tio n s  ( 1) 2ul DDS/ml chloroform  and (2) 1.5 u l 
DDS/ml ch lo ro fo rm ). The base of the hot m ic ro p ip e ttes  were dipped 
in to  th is  so lu tio n  th re e  times fo r  one second and were then 
re tu rn ed  to  the oven to  bake fo r a fu r th e r  hour a t  180°C. A fte r 
th i s  period the m icrop ipe ttes  were removed to  a d e s s ic a to r  to  
c o o l .
A g la s s  c a p il la ry  was drawn in a bunsen flame so th a t  th e  t ip  was 
very f in e .  TDDA-based ion-exchanger (82500; F luka, Neu-ulm, FRG) 
was drawn up in to  the c a p il la ry  which was then  placed in to  the 
e lec tro d e  u n t i l  the t ip  was down to  the e lec tro d e  t ip  (being 
c a re fu l not to  sc ra tch  the s ila n ise d  e lec tro d e  w a ll) . The ion 
exchanger was blown out of the c a p il la ry  u n t i l  approxim ately 
2—3mm of the  e lec tro d e  shank was f i l l e d .  The e lec tro d e  was then 
allowed to  s i t ,  t ip  down, u n t i l  the co ck ta il had m igrated to  the 
t i p  w ithout any a i r  bubbles form ing. F in a lly  the e lec tro d e  was 
b a c k - f i l le d  from the shank with 10mM c i t r a te  b u ffe r (pH 5.4) 
making sure  th a t  no a i r  space ex isted  a t  the b u ffe r /c o c k ta il
i n te r f a c e .
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(b ) pH micro e lec tro d e  c h a ra c te r is a tio n
A Ag/AgCl p e l le t  was in se rted  in to  the completed e lec tro d e  and 
th i s  was connected v ia  coax ial cable to  a high input ( 1 0 ^  Ohm) 
d ig i t a l  pH meter in  mV-mode (model 741, Knick, B e rlin , FRG) w ith 
connected paper ch a rt reco rder (Knauer, B e rlin , FRG). The 
re fe re n c e  e lec tro d e  used fo r  a l l  pH measurements was an ex te rn a l 
macro Ag/AgCl reference  e lec tro d e  (374-M8, Ingold GmbH, 
F ra n k fu rt, FRG). The e lec tro d e  assembly was located  in  an earthed  
Faraday cage to  e lim ina te  any extraneous e le c t r i c a l  s ig n a ls .  
P r io r  to  experim entation the e lec tro d es  were c a lib ra te d  in  
phosphate b u ffers  a t  pH 5 .5 , 6 .0 , 6 .5 , 7 .0  and 7 .4 . The mean
r e s is ta n c e  of the e lec tro d es  was 5-10x101°M0hm. I f  th e  e lec tro d e  
response was g re a te r  than 20 seconds (90% of f in a l  value) 
e le c tro d e s  were bevelled to  a t ip  d iam eter of 20um. Only 
e le c tro d e s  (Figure 2.7) with a response time of le ss  than 15 
seconds and a slope between 55 and 60mV/pH u n it in  a pH range of 
5.5 to  8.0 were used . To make the micro e lec trode  t ip s  c le a r ly  
v is ib le  the  e lec tro d es  were dipped in to  an in d e lib le  blue ink (T 
1000; Edding & Co, Ahrensburg, FRG) up to  a maximum heigh t of 
1mm. This colouring procedure did not a f fe c t  e lec trode  slope or 
response tim e .
( c ) S urg ica l procedures and tis su e  prep ara tio n
Adult male W istar r a t s  (250g) were anaesthetised  and maintained 
a t  37°C as described previously  (S ection  2 .4 (a ) ) .  A m idline 
abdominal in c is io n  was made and the proximal jejunum or d is ta l  
ileum was lo c a te ) .  Closed fiv e  centim etre  In vivo sacs of e i th e r
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jejunum or ileum were prepared by passing two l ig a tu re s  through 
the  m esentery f iv e  centim etres a p a r t . The d is ta l  l ig a tu re  was 
t ig h te n e d , c lo sin g  o f f  the  bottom end of the  sac and a sm all 
in c is io n  was made in  the an tim esen teric  border ju s t  proximal to  
th e  proxim al l ig a tu r e .  Using a syringe f i t t e d  w ith a b lu n t needle 
1ml of Dulbecco phosphate bu ffer or b u ffer a d d itio n a lly  
co n ta in in g  I4ug/ml of p u rif ied  P16 E .co li STa en tero tox in  was 
in je c te d  in to  the sac through the in c is io n . The second l ig a tu re  
was c losed  and th e  completed sac was returned to  the p e rito n e a l 
c a v ity .
A fte r  t h i r ty  minutes incubation  in s i tu  the sacs were excised and 
th e  anim als were k i l le d  by an aes th e tic  overdose. One cen tim etre  
sac sec tio n s  were cu t and mounted, mucosa up, over a hollow, 
dome-shaped ho lder (Figure 2 .8 ) . A rubber ring  g en tly  s tre tch ed  
th e  t i s s u e  over the  dome f a c i l i t a t in g  access to  the v i l l i .
The h o ld e r, w ith the  tis su e  mounted on i t ,  was then  placed in to  a 
perspex chamber (Figure 2.9) perfused with g lu c o se -free , 
oxygenated Dulbecco-phosphate b u ffe r  (pH 7 .4 0 ). The p erfu sion  
s l i t s  in  the t is s u e  holder (Figure 2.8) perm itted oxygenated 
b u f fe r  to  perfuse  the s e ro s a l , as w ell as the mucosal, su rface  of 
the t i s s u e .  The tem perature of the perfusing b u ffe r was 
m aintained a t  25^C to  reduce mucus production and minimise v i l lu s  
m a t i l i ty .  Turbulence induced by oxygenation of the perfusing  
b u f fe r  served to  reduce 'u n s tir re d  la y e r ' th ick n ess .
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F i g u r e  2 . 8 Diagram o f  t i s s u e  h o l d e r .







■ e u w a. a *.  ^ : • : Buffer, pH 7.40 
(Bubbled with 100% O2)
Dulbecco Phosphate
F i g u r e  2 . 9  Diagram o f  a p p a r a t u s  f o r  in  v i t r o  measurement  o f
v i l l u s  pH p r o f i l e .  See t e x t  f o r  d e t a i l s .
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A stereo-m icroscope (Z e iss , Oberkochem, FRG) (m agnifica tion  
x40-x60) mounted in  a ho rizo n ta l p o s itio n  was used to  view the 
i n t e s t i n a l  mucosal surface through a quartz g la ss  d isc  
in co rp o ra ted  in to  the chamber. By placing the chamber onto a 3-D 
m u ltip o s it io n a l ta b le  i t  was possib le to  o r ie n ta te  th e  t is su e  
in to  th e  p o s it io n  where the v i l l i  were most a c c e ss ib le . The 
chamber was illum inated  by a 3-arm f ib re  o p tic  l ig h t  (Gossen, 
FRG). The assembly was completely surrounded by the earthed  
Faraday cage which elim inated any extraneous e le c t r i c a l  s ig n a ls  
and th i s  was secured onto a marble slab to  minimise v ib ra tio n .
A m otor-driven  rem ote-control micromanipulator (model MM3 5 ; 
c o n tro l u n i t  ST35E; Brinkman GmbH, FRG) was mounted in a 
h o r iz o n ta l p o s itio n  above the  incubation chamber ou ts id e  the  
Faraday cage. The pH m icroelectrode was fix ed  in a te f lo n  holder 
mounted on the  x -ax is  motor and was immersed in the incubation  
medium in  the chamber. The micro e lec t rode was connected v ia  a 
Ag/AgCl p e l le t  and a coaxial cable to  a d ig i ta l  pH m eter (model 
741, Knick, B erlin , FRG), used in the mV-mode. The re fe ren ce  
e le c tro d e , which was located in the perfusion  chamber, was a lso  
connected to  th is  pH meter. A dditionally  a sm all, g la ss  
com bination pH e lec trode  (U 402-M8; Ingold GmbH, F ran k fu rt, FRG) 
connected to  a second pH meter (model 741, Knick, B e rlin , FRG) 
was in troduced  in to  the incubation medium to  monitor changes of 
p e rfu s in g  b u ffe r pH. Both pH meters were connected to  a two 
channel paper c h a rt recorder (Knauer, B erlin , FRG).
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(d) Measurement of v i l l u s  pH prof U p
With th e  a id  of the stereo-m icroscope the m icrom anipulator was 
used to  p o s itio n  the e lec trode  t ip  a t  the base of a v i l lu s  
(F igure  2 .1 0 ). When a s ta b le  s ignal was obtained the pH was 
recorded  and the  e lec tro d e  p o s itio n  on th e  m icrom anipulator was 
n o te d . The e lec tro d e  was then withdrawn v e r t ic a l ly  in  50um s te p s , 
th e  pH being recorded a t  the  end of each s te p . When the v i l lu s  
t ip  was reached the  exact v i l lu s  length  and v i l lu s  tip-pH  were 
reco rd ed . This procedure was repeated u n t i l  a l l  a cce ss ib le  v i l l i  
in  the  sec tio n  had been measured.
2.7 DRUG ABSORPTION EXPERIMENTS
(a) A naesthesia  and su rg ica l procedures
Adult male W istar r a t s  (250g) were anaesthetised  and m aintained 
a t  3 7 °C .F ifteen  c e n tin e tre  in vivo loops of proximal jejunum were 
prepared  as described (Section 2 .4 (b ) ) . To ob tain  p e rip h e ra l 
blood sam ples, the l e f t  caro tid  a r te ry  was cannulated w ith a 
cannula connected v ia  a three-way tap to  a syringe f i l l e d  w ith a 
h e p a rin ise d  0 . 9$ sa lin e  so lu tio n .
(b ) P erfusing  so lu tio n
The perfusing  so lu tio n  used in these experiments was Krebs- 
b icarbonate  b u ffe r (Krebs A H en se le it, 1932) a d d itio n a lly  
co n ta in in g  5mg/ml of PEG 4000 with 1uCi [%]-PEG 4000 as a non­
absorbab le  marker fo r  f lu id  tra n sp o rt. Ind iv idual drugs were 
added to  th is  so lu tio n  in  a concen tration  of 1mmol/l w ith 0.5uCi
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F i g u r e  2 . 1 0  P h o t o m i c r o g r a p h  o f  LIX pH m i c r o e l e c t r o d e  in
p o s i t i o n  a t  r a t  j e j u n a l  v i l l u s .
r 14L C ]-la b e l led drug as a marker fo r  drug ab so rp tio n . In 
experim ents designed to  in v e s t ig a te  the  e f fe c ts  of E .c o li STa 
e n te ro to x in , p u r if ie d  to x in  from E .c o li s t r a in  P16 was added to  
the  p e rfu sa te  in  a co n cen tra tio n  of 56ug/ml. In sep ara te
experim ents in v e s t ig a tin g  th e  combined e f f e c t s  of fo rsk o lin  and 
th eo p h y llin e  on drug ab so rp tion  th ese  were added to  the p e rfu sa te  
in  c o n cen tra tio n s  of 1mmol/l and 20mmol/l re s p e c tiv e ly . The 
p e rfu s in g  b u ffe r  was gassed con tinuously  w ith  9 5 : 5$ O^CO^, (v /v) 
to  m ain tain  b u ffe r  PCO  ^ le v e ls .
(c ) Experim ental p ro toco l
The p ro toco l used in the  drug ab so rp tio n  experim ents was as 
d escribed  fo r  the perfused loop experim ents (S ection  2 .4) w ith 
th e  excep tion  th a t  100.ul c a ro tid  blood samples were withdrawn a t  
'zero-tim e*  ( a f te r  f i f t e e n  m inutes of pe rfu sio n ) and a t
subsequent th i r t y  minute in te rv a ls  fo r  th e  d u ra tio n  of th e  th ree  
hour p e rfu s io n . The withdrawn blood was rep laced  by an equal 
volume of an iso to n ic  0 . 9$ h e p a r in ise d -sa lin e  so lu tio n  in je c ted  
v ia  th e  c a ro tid  cannula. A ll r e s u l t s  were s tan d ard ised  fo r  a 
t i s s u e  dry  weight of 100mg.
(d) Liquid s c i n t i l l a t i o n  counting of samples
The 50ul p e rfu sa te  samples were d isso lved  in  10ml of 'E c o sc in t '
(a b iodegradable commercial em ulsify ing-type liq u id  s c in t i l l a t i o n
14 3f lu i d )  in  polythene s c in t i l l a t i o n  v ia l s .  The [ C] and [ H]
a c t i v i t i e s  in  the samples were measured in a Packard T ri-carb
2425 l iq u id  s c in t i l l a t i o n  spectrophotom eter w ith the  f a c i l i t y  to
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count in  two channels s im ultaneously .
Since the energy s p e c tra  fo r  [ 14C] and [ 3H] overlap  th e re  is  an
in e v ita b le  c o n tr ib u tio n  from [^ C ]  in  th e  [ 3H] channel and v ice
v e rsa . However, counting  ’windows’ were se le c ted  to  give minimum
’ s p i l lo v e r ' of e i th e r  iso to p e  in to  the o th e r ’ s channel w h ils t
m ain tain ing  a s a t i s f a c to r y  counting e f f ic in c y  fo r  both iso to p e s .
Both s p i l lo v e r  and counting e f f ic ie n c y  a re  a ffe c te d  by th e  degree
of 'quench' in  the sample. Quenching is  caused by anything which
p rev en ts  th e  blue l ig h t  energy em itted by the  s c in t i l l a n t
m olecules in  the v ia l  reach ing  the c o u n te r 's  p h o to m u ltip lie r
tu b e s . As a consequence of t h i s ,  as th e  degree of quench in  the
sample (due to  e . g . ,  w ater m olecules, co lo u r, e t c . )  in c re a se s ,
th e  counting e f f ic ie n c y  d ec rea se s . The s c i n t i l l a t i o n  coun ter
provides an index of sample quench, the e x te rn a l standard
channels r a t io  (ESCR). By counting a s e r ie s  of v ia ls  con tain ing  a
1 h q
known a c t iv i ty  of e i th e r  [ C] or [ H] w ith varying degrees of 
quench a s tandard  curve can be prepared by p lo tt in g  counting 
e f f ic ie n c y  (de tec ted  c o u n ts /ac tu a l counts x 100$) ag a in s t ESCR 
(F igure 2 .1 1 ). These curves allow the a c tu a l a c t i v i ty  of [ inC] o r 
[ 3h] in  any sample to  be c a lc u la te d  ir r e s p e c tiv e  of quench. Using 
the  same quenched standards i t  is  a lso  p o ssib le  to  produce 
s tandard  curves to  c o rre c t fo r  the  s p i l lo v e r  of [^ C ]  in to  the  
[ 3H] channel and [ 3H] in to  th e  t l 4C3 channel (F igure 2 .1 2 ). The 
equations of these curves were incorporated  in to  a computer 
programme (w ritte n  s p e c ia l ly  fo r th is  p ro je c t by Jim Beck, 
Computing S erv ice , Glasgow U n iv ers ity ) on an ICL 2988 mainframe
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F i g u r e  2 . 1 1  Qu en ch  c o r r e c t i o n  c u r v e  f o r  l i q u i d  s c i n t i l l a t i o n
14 3
c o u n t i n g .  C ( 0 )  a nd  H ( □ )  c o u n t i n g  e f f i c i e n c i e s  a r e  p l o t t e d  
a g a i n s t  t h e  e x t e r n a l  s t a n d a r d  c h a n n e l s  r a t i o  (ESCR) a t  v a r y i n g  
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computer which converted the raw data  obtained from the 
s c i n t i l l a t i o n  co u n ter to  th e  a c tu a l a c t i v i ty  contained in  each 
sample due to  the re sp e c tiv e  iso to p e .
(e) Blood sample p re p a ra tio n  fo r  l iq u id  s c i n t i l l a t i o n  counting 
P e rip h e ra l blood samples were prepared fo r  liq u id  s c in t i l l a t i o n  
counting by a m od ifica tio n  of the  method described  by Moore 
(1981). The 1OOul samples were removed to  polythene s c i n t i l l a t i o n  
v ia l s  co n ta in ing  750ul of a m ixture (2 : 1) of *Soluene 3 5 0 ', a 
commercial t is s u e  s o lu b i l i s e r ,  and isop ro p an o l. The v ia ls  were 
incubated a t  40°C fo r  one hour. The so lu b ilis e d  blood was then 
bleached by the ad d itio n  of 500ul of a 30% so lu tio n  of hydrogen 
p erox ide . This b leach ing  was performed a t  room tem perature fo r  
f i f t e e n  m inutes followed by t h i r t y  m inutes a t  40°C. F in a lly  15ml 
of 'T n s ta g e l ',  a ccmmercial s c i n t i l l a t i o n  f lu id  a c id if ie d  
(1 :9 v /v ) w ith  0.5M hydroch lo ric  a c id , was added to  th e  v ia l  
c o n te n ts . The [ ] - a c t iv i ty  in  th e  samples was then counted 
under the same co n d itio n s  described  above fo r  the p e rfu sa te  
sam ples.
( f )  Data handling and s t a t i s t i c s
The d isappearance of drug from th e  in te s t in a l  lumen and i t s  
subsequent appearance in the p e rip h e ra l blood .was ca lcu la ted  
using  a m o d ifica tio n  of th e  method f i r s t  described by Shanker and 
co-w orkers (1959). This method assumes th a t (1) changes in the 
[ 14C] - a c t iv i ty  from th e  la b e lle d  drug in  th e  p e rfu sa te  re p re sen ts  
the movement of the  u n lab e lled  drug and ( 2 ) changes in  the
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[^ H ]-a c tiv i ty  from th e  la b e lle d  PEG 4000 a re  re p re se n ta tiv e  of
changes in  the  p e rfu sa te  volume. The fo llow ing equations were
used to  c a lc u la te  changes in  th e  denoted v a ria b le s  w ith  tim e :-
Drug co n cen tra tio n  a t  tim e, t  D (t) = (C (t)/C o) x Do
P e rfu sa te  volume a t  tim e , t  V (t) = (H o/H (t)) x Vo
Drug amount a t  tim e, t  A (t) = D (t) x V(t)
where: Co = [ ^ C ] - a c t iv i ty  in  ’ze ro -tim e 1 sample
1
C (t) = [ C ] -a c t iv i ty  in  sample a t  tim e, t
Do = i n i t i a l  drug co n cen tra tio n  in  p e rfu sa te
Ho = [ H ]-a c tiv ity  in  'z e ro -tim e ' sample
O
H (t) = [ H ]-a c tiv ity  in  sample a t  tim e, t  
Vo = i n i t i a l  p e rfu sa te  volume 
P e rip h e ra l blood drug co n cen tra tio n s  were c a lcu la ted  using  the  
fo llow ing  equation:
P e rip h e ra l blood drug co n cen tra tio n  a t  tim e, t ,
Db(t) = (Cb(t)/2Co) x Do
14where: C b(t) = [ C] counts in  blood sample a t  t im e ,t
The l in e  of b e s t f i t  fo r  p e rfu sa te  drug amount a g a in s t time was 
c a lc u la te d , which, by d e f in i t io n ,  provided the  r a te  of lum inal 
d isappearance of drug was o b ta in ed . Following s ta n d a rd isa tio n  fo r  
a loop  dry weight of 100mg the  mean r a te  of drug ab so rp tio n  was 
c a lc u la te d  fo r  each s e r ie s  of experim ents.
S im ila r ly , the  l in e  of b e s t f i t  was ca lcu la ted  fo r  f lu id  volume 
a g a in s t  time and, ag a in , follow ing s tan d a rd isa tio n  fo r  a loop dry 
w eight of 1OOmg, th e  mean r a te  of f lu id  ab so rp tion  or s e c re tio n  
was obtained  fo r  each s e r ie s  of e x p e r i m e n t s .  A d d itio n a lly , t h e
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mean p e rip h e ra l blood drug c o n cen tra tio n  over the  whole 
experim ental period was c a lc u la te d  fo r  each in d iv id u a l experim ent 
and, as b e fo re , the mean value was c a lc u la te d  fo r  each s e r ie s  of 
exp erim en ts .
The above trea tm en t of th e  d a ta  provided an em pirica l an a ly s is  of 
th e  amount of drug d isappearing  from the i n te s t in a l  lumen and 
reappearing  in  th e  p e rip h e ra l b lood . However, in  an a ttem pt to  
d e riv e  some fu r th e r  inform ation  about the  k in e tic s  of drug 
ab so rp tio n  two pharm acokinetic models were app lied  to  the  mean 
lum inal co n cen tra tio n  data from each s e r ie s  of experim ents. This 
a n a ly s is  requ ired  re g re ss io n  procedures a v a ila b le  as an op tion  in 
the  BMDP package of s t a t i s t i c a l  so ftw a re , a cc e ss ib le  v ia  the 
Glasgow U n iv ers ity  I  CL 2988 mainframe com puter. The programme 
a d ju s ts  an i n i t i a l  s e r ie s  of param eter estim ates  sim ultaneously  
u n t i l  th e  le a s t  squares b e s t f i t  to  th e  d a ta  has been o b ta in ed .
F i r s t l y ,  a f i r s t  o rder model in co rp o ra tin g  two param eters was 
a p p lie d , o f th e  form
C (t) = Ae“k t
where: C (t) = drug co n cen tra tio n  in  lumen a t  tim e, t
A = i n i t i a l  co n cen tra tio n  of drug in  lumen
t  = time
A f i r s t  o rd e r d i f f e r e n t ia l  equation  d esc rib in g  lo s s  of m ate ria l 
from one compartment has a so lu tio n  of the above form. I f  drug 
ab so rp tio n  i s  by d if fu s io n  acro ss  a s in g le  b a r r ie r  th e  above 
equation  should apply s in c e , under these  circum stances, luminal
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co n ce n tra tio n  should d ec lin e  e x p o n e n tia lly .
However, i f  a second compartment is  invo lved , exchange between 
two compartments is  described  by two f i r s t  o rder d i f f e r e n t ia l
eq u a tio n s  and has a s im ila r  form of so lu tio n  re q u ir in g  two
exponen tia l te rm s. The so lu tio n  fo r  a two compartment model of 
th e  i n t e s t in a l  t ra n s p o r t  p rocess as rep resen ted  (F igure  2.13) has 
the  fo llow ing  d e r iv a tio n .
In  th i s  model, drug i s  in troduced  in to  the  lumen a t  tim e, t ^ Q  ^ to  
g ive an i n i t i a l  co n cen tra tio n  c 1 (o ) . D iffu sio n  in to  (k 12) and 
back out o f ^ 2 1   ^ a su rface  la y e r  (m icroclim ate) occurs but
a b so rp tio n  in to  the c e l l  (V^) from the  m icroclim ate (V2 ) is  
u n id ir e c t io n a l  , th e re  being no corresponding term .
This system can be described  by a s e t  of th ree  f i r s t  o rder
d i f f e r e n t i a l  equations in  accordance w ith F ic k 's  Law:-
^■1 _  \ t  -  -k C + k C__1 -  Vx_ l  -  + 2 1 2
dt d t
^ 2  -  V2^ 2  -  k 12C1 - (k21 + k2J )C2
dt d t
( 1)
d-Q.7 _ y ^ 5  -  k C
dt '  V 23 2
A s o lu tio n  of th ese  equations w ill  provide a d e sc rip tio n  of the 
change in co n ce n tra tio n  of drug in  each compartment w ith re sp ec t 
to  tim e as a fu n c tio n  of the  as yet undetermined r a te  c o n s ta n ts . 
This s e t  of equations is  amenable to  so lu tio n  by Laplace 
tran sfo rm a tio n  (Simon, 1977).
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F i g u r e  2 . 1 3  D i a g r a m a t i c  r e p r e s e n t a t i o n  o f  e x c h a n g e  c o m p a r t m e n t
p h a r m a c o k i n e t i c  m o d e l .  S e e  t e x t  f o r  d e t a i l s .
Cl ( t )
I1








- X  t  - A t
C l( t )  = Ae + Be
A fte r  t ra n s fo rm a tio n ,  the equations become:
sgx -  C1(o) = ( - k 12/V1)g1 + (k21A 2)g 2
sg2 - C2(o) = (k12/ v2)g l " ( k2 l /V2 + * 2 3 ^ 2 ^ 2
- c 5(o ) = (k 25A 5) s 2
( la )
C o lle c tin g  term s, th e  equations become:
(s  + k12A 1)g1 " A 21/ V1)g2 + 0 = C1(o)
( - ki 2A 2)g i + (s  + ( k21 + k 25 ) / v 2 )g2 + ° = 
o + ( - k23A 5)g2 + sg 3 = 0
( 2 )
Solving th i s  s e t  of equations fo r  g^, g iv es:
C1(o )s (s  + (k21 + k23 ) A 2)
s ( ( s  + k12A ]_)(s + ( k2]_ + k2.3^A 2) “ k12k2 lA iV2^
(3)
Let A_o -  ( k2j  + k25) A 2 » a ~ k ^ A i  » P ^12^2 lA A 2
S u b s titu tin g  in  (3) gives
^  = C1(o )(s  + Aq) /  (s + kQ) ( s + a - p) (4)
or
5l = C1(o )(s  + ^Q) / ( s + xi ) ( s +
where X-, and X? are the ro o ts  of ( s 2 + s ( a q + a) + XQa - p)
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expanding (5) gives
C1(o )s  + C1 ( o ) ^
( 6 )
( s  + A1 ) ( s  + X2) ( s  + A-l ) ( s  + \ 2)
th e  a n titra n s fo rm  of which g ives
— a ,  t  -A. t  - A t  -  A, t
C1 ^ )  -  V  -  V  + V  - V  (7)
C1(o) Xx - a2 - X2
from which
- A t  - A^t
C j(*) .  W  - V  e + -  X2} e (8)
(^ (o ) (x 1 -  x2) (x 1 -  x2 )
Consequently, th i s  model can be rep resen ted  by th e  sum of 
e x p o n en tia ls , i . e .  is  of the form
- A , t  -Agt
C ( ^  = Ae + Bev 1 1
two
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Using the  BMDP n o n -lin e a r  re g re ss io n  programme to  f i t  a second
o rd e r ex p o nen tia l curve to  the  lum inal co n cen tra tio n  d a ta ,
e s tim a te s  of th e  fo u r param eters A, B, A^  and were o b ta in ed .
These param eters were then  used to  c a lc a lu la te  A s in c e , fromo 7
equation  ( 8 )
X1 X p  = A and X o  X2 = B
*1 “ X2 X1 X2
I t  can be shown th a t
A  + k2 " Ao = \ 2 ^ l  
A 1 A 2 / ( a i  +  A 2  -  Aq )  =  k 2 j A 2
^ o  '  A 2 3 A 2 )  = k 2 l A 2
U n fo rtu n a te ly , i t  i s  no t p o ssib le  to  e x tra c t  th e  in d iv id u a l r a te  
co n stan ts  fu r th e r  than t h i s .  However the  r a t io  k23//k21 can be 
c a lc u la te d . Since th is  r a t io  compares abso rp tion  in to  the c e l l  
wi^h back d if fu s io n  out of th e  su rface  compartment (F igure 2.13) 
i t  provides an index of how w ell the drug is  taken up and hence 
allow s a q u a n tita t iv e  comparison between co n tro l and t e s t  
c o n d itio n s .
A d d itio n a lly , th e  lum inal drug co n cen tra tio n  d a ta  were analysed 
by sim ple l in e a r  re g re ss io n  as a comparison w ith a more em pirica l 
zero o rd e r model.
To provide an index of th e  degree of f i t  of each model to  the 
in d iv id u a l da ta  s e t s ,  c o r re la t io n  c o e f f ic ie n ts  were ca lcu la ted  
fo r  each re g re ss io n  a n a ly s is .  These were ca lcu la ted  using the
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equation:
r  = (1-(RSS/TSS) ) 1/2 
Where r  = c o r re la t io n  c o e f f ic ie n t  
RSS = re s id u a l sum of squares 
TSS = t o t a l  sum of squares
A ll s t a t i s t i c a l  comparisons between c o n tro l and t e s t  co n d itio n s  
throughout th i s  s tudy  were performed using  "S tu d en t’s ” ’t ' - t e s t ,  
v a lu es  of P<0.05 being considered s ig n i f ic a n t .
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3 RESULTS
The experim ents c a r r ie d  out in  th i s  study  f a l l  in to  fo u r g en era l 
c a te g o r ie s  and th ese  w il l  be d e a lt  w ith in  th e  fo llow ing o rd e r:
1. Perfused loop experim ents
2. Surface pH experim ents
3. Measurement o f pH p r o f i le  of in te s t in a l  v i l l i
4 . Drug ab so rp tio n  experim ents
Unless s ta te d  otherw ise th e  p resen ted  d a ta  re p re se n t th e  mean + 
estim ated  standard  e r ro r  of th e  mean fo r  the  number of 
experim ents shown in  paren theses (x ±  e se x (n )) .
In view of th e  d iv e r s i ty  of th e  experim ents undertaken in  th i s  
s tu d y , ex p lan a tio n s  and re fe re n c e s , which might be deemed more 
a p p ro p ria te  fo r  a d iscu ss io n  s e c t io n , have been included under 
th e  r e s u l t s  heading. This has been necessary  to  make c le a r  th e  
reasons fo r  th e  types of experim ents th a t  were done and i t  i s  
hoped th a t  th i s  trea tm en t w il l  p lace th e  experim ental work in  
p e rs p e c tiv e .
3.1  PERFUSED LOOP EXPERIMENTS
An i n i t i a l  s e r ie s  o f experim ents in v e s tig a te d  the  c h a r a c te r is t ic s  
of f lu id  tr a n s p o r t ,  the  changes in acid -base  balance occurring  in  
in  vivo loops of r a t  sm all in te s t in e  and how th ese  param eters 
would be a ffe c te d  by exposure to  the  various sec re to ry  substances 
t e s t e d .
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(&) E ffe c t of E .c o li  STa e n te ro to x in  on f lu id  tra n s p o r t  and 
a c id i f ic a t io n  in  th e  .ie.iunum 
When in  v ivo  loops of r a t  proxim al jejunum were perfused w ith  
K rebs-b icarbonate  b u ffe r  a t  pH 7 .40  (Krebs & H e n se le it, 1932) a 
s ig n if ic a n t  (P<0 .0 0 1 ) n e t ab so rp tio n  of f lu id  by th e  t is s u e  was 
observed (F igure  3 .1 ) .  R egression a n a ly s is  of p e rfu sa te  volume 
changes dem onstrated th a t  f lu id  uptake was e s s e n t ia l ly  l in e a r  
w ith  time (mean c o r re la t io n  c o e f f ic ie n t ,  r  = 0.94 + 0 .0 1 (6 )) . The 
mean r a te  of f lu id  ab so rp tio n  in  th ese  experim ents was 
21.17+3.06(6) u l /m in /1OOmg dry w eight. This amounts to  
approxim ately  25/6 of th e  t o t a l  p e rfu sa te  being absorbed over the  
experim ental p e rio d .
To t e s t  whether th is  f lu id  ab so rp tio n  could be accounted fo r  by 
t i s s u e  oedema, the  t is s u e  was weighed before and a f t e r  drying to  
co n s ta n t weight in  an oven a t  100°C. The mean wet w eigh t:d ry  
w eight r a t i o  a f t e r  th ree  hours of perfu sion  was 4 .78+0.10(6). 
This r a t i o  was s ig n if ic a n t ly  (P<0.001) g re a te r  than th a t  obtained 
fo r  unperfused t is s u e  where the  mean w et:dry  r a t io  was 
3.85+0.10(6) in d ic a tin g  th a t  th e re  was indeed some tis s u e  oedema 
in  th e  perfused in te s t in a l  loops. However, th e  mean d iffe ren c e  
between wet and dry tis su e  w eights was 0 . 87± 0 . 10(6 ) g (the  mean 
t i s s u e  dry  weight was 249±27(6) mg). Therefore t is s u e  oedema can 
only  account fo r  approxim ately 9% of the  to ta l  f lu id  uptake 
observed. The estim ated  f lu id  abso rp tion  r a te s  measured in  th is  
study correspond w ell w ith  published estim ates  from o th e r
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la b o ra to r ie s  (Parsons, 1956; Powell e t  a l . ,  1971) .
In  c o n tra s t  when the  je ju n a l mucosa was challenged by 56ug/ml of 
E .c o l i  STa en te ro to x in  (F igure 3 . 1 ) the  n e t f lu id  ab so rp tio n  
measured under co n tro l cond itions was reversed  (P<0.001) to  a n e t 
s e c re tio n  o f 2.61^+1.57(6) ul/min/100mg dry w eight. This se c re tio n  
did no t d i f f e r  s ig n if ic a n t ly  from zero n e t f lu id  movement and 
thus the  e f fe c t  of STa on f lu id  tra n sp o rt is  a n tia b so rp tiv e  
r a th e r  than sec re to ry . This is  in  agreement w ith  p rev iously  
re p o rte d  fin d in g s  (Newsome, Burgess & M ullan, 1978).
As w e ll as in v e s tig a tin g  changes in f lu id  tra n sp o r t th e  pH of the  
p e rfu s in g  b u ffe r  was monitored over the th ree  hour experim ental 
p e r io d . In  co n tro l experiments (F igure 3 .2 ) ,  as expected, th e re  
was a s ig n if ic a n t  (P<0.001) apparent ne t se c re tio n  of hydrogen 
io n s  in to  the  lumen of 0.75±0.05(6) uequiv/min/1 OOmg dry weight 
(as measured by b a c k - t i t ra t io n  of the perfusing  b u f fe r ) .
This a c id i f ic a t io n  could only be achieved w ith liv in g  t i s s u e .  
When loops of jejunum from dead r a t s  were perfused in s i tu  under 
id e n t ic a l  co n d itio n s  to  those adopted fo r co n tro l experim ents, 
th e  mean r a te  of hydrogen ion se c re tio n  was measured to  be 
0.01 +.0.01(7) uequiv/min/1 OOmg dry w eight. This was no t 
s ig n i f ic a n t ly  d if f e r e n t  from zero n e t hydrogen ion se c re tio n  and 
in d ic a te s  th a t  there  is  no a c id if ic a t io n  under t o t a l l y  anoxic 
c o n d itio n s . Therefore a c id i f ic a t io n  is  not an anoxic a r te f a c t .  A 
p o s s ib le  source of e rro r  in ca lc u la tin g  acid -base  a l te ra t io n s  was 
th a t  th e  tubing might be changing the pH of the p e rfu sa te .
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F i g u r e  3-1  E f f e c t  o f  E . c o l i  STa t o x i n  on f l u i d  t r a n s p o r t
i n  p e r f u s e d  i n  v i v o  l o o p s  o f  r a t  p r o x i m a l  j e j u n u m .  V a l u e s  a r e  
+
g i v e n  as  mean -  s . E . M . f o r  number of  exper iments  shown, one 
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F i g u r e  3-2  E f f e c t  o f  E . c o l i  STa t o x i n  on l u m i n a l  ac i d - b a s e
b a l a n c e  in  p e r f u s e d  in  vivo loops  of  r a t  proximal  je junum. D e t a i l s  
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However, no pH change was recorded on perfusing  K rebs-b icarbonate  
b u ffe r  through the s i l ic o n  tubing of the perfusing  c i r c u i t .
When th e  t is s u e  was exposed to  E .c o li STa en te ro to x in  (F igure 
3 .2 ) t h i s  a c id i f ic a t io n  was reversed (P<0.001) to  an apparent n e t 
a b so rp tio n  o f hydrogen ions by the en terocy tes of 0.12+0.06(6) 
uequiv/min/1OOmg dry weight. Again th is  apparent hydrogen ion 
a b so rp tio n  was not s ig n if ic a n tly  d if fe re n t  from zero n e t hydrogen 
ion s e c re t io n .  This a b o litio n  of je ju n a l a c id if ic a t io n  by STa has 
been rep o rted  p rev iously  (Lynch & Lucas, 1983), but has since  
rece iv ed  scan t a t te n t io n .
( b ) E f f e c t  o f  f o r s k o l i n  on f l u i d  t r a n s p o r t  and a c i d i f i c a t i o n  
i n  t h e  .ie.iunum.
A s e r i e s  o f  e xpe r im en t s  i n v e s t i g a t e d  the  e f f e c t  o f  f o r s k o l i n ,  a 
p o t e n t  a d e n y l a t e  c y c la s e  a c t i v a t o r  (Seamon & Daly ,  1981) which 
has  be e n  shown t o  e l e v a t e  cAMP l e v e l s  i n  t h e  i n t e s t i n e  (Bo ige ,  
A m i r a n o f f ,  Munck & L a bu r the ,  1984), on f l u i d  t r a n s p o r t  and 
l u m i n a l  a c i d i f i c a t i o n  in  t h e  jejunum. When t h e  j e j u n a l  mucosa was 
exposed  t o  f o r s k o l i n  (0 .1mmol/ l )  (F igu re  3-3) n e t  f l u i d  
a b s o r p t i o n  was a b o l i s h e d  (P<0.001)  t o  an i n s i g n i f i c a n t  n e t  
s e c r e t i o n  o f  1 .54+3.53(10)  ul /min/100mg dry  w e ig h t .  Thus,  as  w i th  
E . c o l i  STa e n t e r o t o x i n ,  a t  t h i s  c o n c e n t r a t i o n  i n  v i v o , f o r s k o l i n  
a p p e a r s  to  be a n t i a b s o r p t i v e  r a t h e r  than s e c r e t o r y  in  i t s  a c t i o n .  
S i m i l a r  t o  STa, f o r s k o l i n  i n h i b i t e d  (PC0.01) t h e  normal 
a c i d i f i c a t i o n  observed in  c o n t r o l  exper imen ts  ( F i g u r e  3 . 4 ) ,  
a lthough  th e  reduced r a t e  o f  0 .27+0.11(10)  uequiv/min/IOOag d ry
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Figure 3-3 E ffect of fo rsko lin  (O.lmM) on f lu id  tran sp o r t  in


















F i g u r e  3 - ^  E f f e c t  o f  f o r s k o l i n  (O.lmM) on l u m i n a l  a c i d - b a s e
balance in perfused in vivo loops of r a t  proximal jejunum. D etails  


















weight s t i l l  represented a s ig n i f ic a n t  (P<0.05) apparent hydrogen 
ion s e c re t io n  in to  the lumen.
E f fe c t  of 1Dorbanex* on f lu id  tran sp o r t  and a c id i f i c a t io n
in  the  .ie.iunum.
'Dorbanex' i s  a commercial la x a t iv e  p repara t ion  con tain ing  the 
anthraquinone d e r iv a t iv e ,  danthron, as i t s  ac tive  in g re d ie n t .  
This c l a s s  of compounds in h ib i t s  f lu id  and ion  t r a n s p o r t  in the  
in te s in e  and th e re fo re  there  was a p o s s ib i l i t y  th a t  t h i s  compound 
might have s im i la r  e f f e c t s  to  STa. The following experiments 
in v e s t ig a te d  the e f fe c ts  of 'Dorbanex' on perfused loops of r a t  
proximal jejunum. The v is c o s i ty  of the 'D orbanex '-containing 
p e r fu sa te  made i t  impossible to  gas the  b u ffe r  (because of 
excessive  e ffe rvescence).  Therefore the  la x a t iv e  was incorporated 
in to  Krebs-phosphate buffe r  (Krebs & H ensele it ,  1932) which does 
no t r e q u ire  gassing to  maintain luminal pH. The f in a l  danthron 
co n cen tra t io n  in the  perfusa te  was 5mM.
When 'Dorbanex' was perfused through the in  s i tu  jejunum ne t 
f l u i d  absorp tion  (Figure 3*5) was reversed (P<0.001) to  a ne t 
s e c re t io n  of 2.90+2.71(8) ul/min/1 OOmg dry weight which was not 
s i g n i f i c a n t l y  d i f f e r e n t  from zero ne t f lu id  abso rp tion . Net 
hydrogen ion sec re t io n  (Figure 3*6) was a lso s ig n i f ic a n t ly  
(P<0.001) reduced to  values of 0 . 06+0 . 01 ( 8 ) uequiv/min/1OOmg dry 
w eigh t. This reduction in a c id i f ic a t io n  r a t e ,  although sm all, was 
h ig h ly  s ig n i f ic a n t  (P<0.001) and may have been due to  the reduced 
b u ffe r in g  capac ity  of phosphate buffer  compared to  b icarbonate
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F i g u r e  3*5 E f f e c t  o f  "D orb anex11 on f l u i d  t r a n s p o r t  in
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b u f f e r .
Transverse h is to lo g ic a l  sec t io n s  were cut from the 
' Dorbanex’ -perfused loops fo r  l i g h t  microscopy. Comparing these  
’Dorbanex' sec t io n s  to  sec tions  cut from con tro l loops i t  was 
noted t h a t ,  although there  was no c e l lu la r  damage and the brush 
bo rd e r  appeared f u l l y  in ta c t  the  ’D orbanex '-treated  t i s s u e  had 
become extremely f la c c id  i . e .  the smooth muscle appeared to  have 
l o s t  a l l  of i t s  tone . The s ig n if ican ce  of th i s  find ing  i s  unc lea r  
but the  observation was a very s t r ik in g  one. Therefore, although 
'Dorbanex' a l te re d  both f lu id  t ra n s p o r t  and acid-base balance, 
i t s  u sefu lness  as a damaging agent was l im ited  by i t s  tendency to
e f fe rv e sc e .  There was a lso  the p o s s ib i l i ty  th a t  the  a l t e r a t i o n s
to  i n t e s t i n a l  s t ru c tu re  induced by the suspension might 
com plicate  in te rp re ta t io n  of any r e s u l t s .  For these  reasons no 
fu r th e r  work was done with 'D orbanex '.
(d) E ffe c t  of Clostridium perfr ingens  en tero tox in  on f lu id  
t r a n s p o r t  and a c id i f i c a t io n  in the  .jejunum 
Clostrid ium  perfringens  produces a v a r ie ty  of p ro te in  tox in s  one 
of which i s  an en tero toxin  (McDonel, 1986). The e f f e c t  of 
C.p erfr ingens  on je junal f lu id  t ra n sp o r t  was in v e s t ig a te d .
Whether the  toxin produced a s im ila r  in h ib i t io n  of luminal 
a c id i f i c a t io n  to  th a t  observed with E .co li  STa was also
determined. When Krebs-bicarbonate buffer  containing 50ug/ml of 
p u r i f ie d  C. pe r f  r  inge ns en tero tox in  was perfused through jm—vivo 
loops of proximal jejunum (Figure 3 .7 ) ,  n e t  f lu id  absorp tion
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F i g u r e  3-7 E f f e c t  o f  C l o s t r i d i u m  p e r f r i n g e n s  e n t e r o t o x i n  on
f l u i d  t r a n s p o r t  i n  p e r f u s e d  i n  v i v o  l o o p s  o f  r a t .  p r o x i m a l  j e j u n u m .  






















s i g n i f i c a n t l y  (PC0.05) f e l l  from 21.17+3.06(6) ul/min/1OOmg dry 
weight to  values of 12.12+.1.30(6) ul/min/100mg dry weight. This 
43$ red u c tio n  in ne t f lu id  absorp tion  was the  sm alles t observed 
w ith  any of the  substances te s t e d .  This was su rp r is in g  since the  
to x in  is  a well-known secretagogue (Duncan & Strong, 1969). There 
i s  th e re fo re  a p o s s ib i l i t y  th a t  the  tox in  had become denatured in  
some way, rendering i t  in a c t iv e .
There was no s ig n i f ic a n t  d iffe ren ce  in the apparent n e t  hydrogen 
ion se c re t io n  (Figure 3.8) a f t e r  tox in  cha llenge . In f a c t  the  
mean a c id i f i c a t io n  r a t e  was a c tu a l ly  enhanced from 0.75±0.05(6) 
ul/min/1OOmg dry weight to  0.91±0.12(6) uequiv/min/1OOmg dry 
w e ig h t .
(e) E ffec t  of E .c o l i  STa en tero tox in  on luminal acid-base 
changes in the ileum.
Having e s tab lish ed  th a t  E .c o l i  STa en tero tox in  abo lishes  luminal 
a c i d i f i c a t i o n  in the r a t  jejunum in v iv o , a fu r th e r  s e r ie s  of 
experinen ts  was undertaken to  determine the  e f fe c t  of STa on 
luminal acid-base balance in the ileum. Unlike the jejunum, r a t  
ileum has been shown to  a lk a l in is e  i t s  luminal p e rfu sa tes  in  vivo 
(Hubei, 1967; Hubei, 1969). Therefore there  were two p o ss ib le  
outcomes of toxin challenge -  (1) th a t  STa would cause luminal 
























F i g u r e  3 - 8  E f f e c t  o f  C l o s t r i d i u m  p e r f r i n g e n s  e n t e r o t o x i n  on
l u m i n a l  a c i d - b a s e  - b a l a n c e  i n  p e r f u s e d  i n  v i v o  l o o p s  o f  r a t  p r o x i m a l  







When i l e a l  loops were perfused with Krebs-bicarbonate bu ffe r  
th e re  was an apparent ne t s ec re t io n  of b icarbonate  anion in to  the  
lumen (Figure 3 .9 ) ,  amounting to  0.20+0.10,(5) uequiv/min/1 OOmg 
dry w eight. This apparent bicarbonate s e c re t io n  (or i t s  converse, 
hydrogen ion absorption) was very small and did not d i f f e r  
s ig n i f i c a n t ly  from zero n e t  bicarbonate s e c re t io n .  There was a lso  
no s ig n i f i c a n t  d ifference  between th is  unstimulated b icarbonate  
s e c re t io n  in the ileum and the STa driven luminal a lk a l in i s a t io n  
observed in  the  jejunum.
In  c o n t r a s t ,  a f t e r  E .c o l i  STa en tero tox in  (56ug/ml), ne t 
b icarbonate  se c re t io n  was elevated massively (P<0.001) to  values 
of 1.77±0.23(5) uequiv/min/1 OOmg dry weight. This induction of 
b ica rb o n a te  s e c re t io n  is  s im ila r  to  th a t  observed in  the  ileum 
a f t e r  exposure to  cholera toxin  (Leitch & Burrows, 1968; 
C arpen te r ,  Sack, Feeley & Steenberg, 1968; N orris , Curran & 
S ch u ltz ,  1969; Moore, Morowaski, F in k e ls te in  & Ford tran , 1971; 
Hubei, 1974). Therefore i t  would appear t h a t ,  while the  ileum 
appears to  be a r a th e r  quiescent bicarbonate s e c re to r  under 
normal co n d it io n s ,  i f  i t  i s  stimulated i t  has a very large  
c a p a c i ty  to  e leva te  i t s  ou tpu t.
Summary pf perfused loop experiments
Exposing in  vivo loops of r a t  jejunum to  E. c o l i  STa en tero tox in  
r e s u l te d  in  a complete in h ib i t io n  of both ne t f lu id  absorp tion  
and luminal a c id i f ic a t io n .  In the  ileum, STa s ig n i f ic a n t ly  
e leva ted  a normally low luminal a lk a l in i s a t io n .  Forskolin and























F i g u r e  3 - 9  E f f e c t  o f  E . c o l i  STa t o x i n  on l u m i n a l  a c i d - b a s e
b a l a n c e  i n  p e r f u s e d  in  v i v o  l o o p s  o f  r a t  d i s t a l  i l e u m .  D e t a i l s  
a s  f o r  F i g u r e  3 - 1 -  :
0
1




P < 0 001
’Dorbanex’ both abolished net f lu id  absorption  in the jejunum,
while reducing luminal a c id i f i c a t io n .  C .perfringens en te ro tox in
had no e f f e c t  on e i th e r  net f lu id  t ra n sp o r t  or luminal 
a c i d i f i c a t i o n .
3 .2  MUCOSAL SURFACE p H EXPERIMENTS
Rat jejunum a c id i f i e s  i t s  luminal perfusates  in  v iv o . I t  has been 
proposed th a t  th i s  a c id i f ic a t io n  occurs as a consequence of 
m ain ta in ing  a low surface pH a t  the in t e s t i n a l  mucosal surface  
(B la i r  e t  a l . ,  1975). This low surface  pH, or ’acid m icroc lim ate1 
reg io n  in the  r a t  jejunum was f i r s t  demonstrated by Lucas e t  a l  
(1975) using  pH microelectrodes in v i t r o . A low je ju n a l surface  
pH has subsequently been demonstrated in severa l s tud ies  both in 
v i t r o  (Lucas & B la ir ,  1978; Rechkemmer e t  a l . ,  1979; Lucas e t  
a l . ,  1980; Daniel e t  a l . ,  1985; Shiau e t  a l . ,  1985; Daniel & 
Rehner, 1986; Shimada, 1986) and in vivo (Lucas, 1983; Hogerle & 
Winne, 1983; Iwatsubo e t  a l . ,  1986).
The f in d in g  of the present study, th a t  exposing r a t  jejunum to  
E .c o l i  STa en tero tox in  re s u l t s  in the cessation  of luminal 
a c i d i f i c a t i o n ,  confirmed a previous report (Lynch, 1986) and 
ra is e d  the  p o s s ib i l i t y  th a t  STa might bring about an e leva tion  in 
th e  microclimate pH. To in v es t ig a te  th is  ^further a s e r ie s  of 
experiments were undertaken in which the mucosal surface pH of 
r a t  small in te s t in e  was measured in the presence of ELcol i  STa 
e n te ro to x in .  To explore fu r th e r  the l ik e ly  mechanism of STa 
a c t io n ,  the  e f f e c t s  of a v a r ie ty  of compounds on je ju n a l mucosal
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su r fa ce  pH were te s te d .
) Measurement of mucosal surface pH of r a t  .ie.iunum in  vivo 
When a pH e lec tro d e  of s u f f ic ie n t ly  small s ize  was placed onto 
th e  mucosal surface  of in vivo proximal jejunum (Figure 3 .1 0 ) ,  an 
immediate and rapid change in pH was observed with approximately 
90$ o f the  f i n a l  value being detected w ithin f i f t e e n  seconds. The 
r a p id i ty  o f  the  response was unchanged over the  s ix ty  minute 
pe rfu s io n  period .
When the  unchallenged proximal jejunum was perfused w ith 
Krebs-phosphate bu ffe r  the mean mucosal surface pH (Figure 3.11) 
was 6.34+0.05(10) which was s ig n i f ic a n t ly  (P<0.001) more acid 
than th e  perfusing  buffer  pH (7 -11±0.01(10)). The mean su rface  pH 
did no t a l t e r  s ig n i f ic a n t ly  from th i s  i n i t i a l  value during t h i r t y  
and s ix ty  minutes of perfusion and remained a t  values c o n s is te n t  
with p rev ious ly  reported  measurements (Lucas, 1983)
I t  has been claimed (Flemstrom e t  a l . ,  1982) th a t  any mucosal 
su rface  a c id i ty  measured is  an a r t e f a c t  due to  t is su e  anoxia. 
However as can be seen (Figure 2.5) from a photograph of the  
t i s s u e  p repara t ion  adopted fo r  these  experiments, the t i s su e  was 
obviously  receiv ing  a f u l l ,  un interrupted blood supply. Anoxia is  
th e re fo re  u n l ik e ly  to be the explanation fo r  the  observed 
phenomenon. When anoxia was induced by occlusion of a l l  a f f e r e n t  
m esenteric  blood vessels  supplying the t i s s u e  (Figure 3 .11 ) ,  the 
mean mucosal surface pH rose s ig n i f ic a n t ly  (PC0.001) to  
6.71+0.0 5(10) within f i f t e e n  minutes. This a lk a l in i s a t io n
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F ig u r e  3*10 T y p i c a l  t r a c e  showing change in pH when an
e l e c t r o d e  i s  p l a c e d  o n t o  t h e  m u c o s a l  s u r f a c e  o f  r a t  p r o x i m a l
j e j u n u m  i n  v i v o  ("On")  and  r e t u r n e d  t o  t h e  b u l k  s o l u t i o n  ( " O f f " )
b e f o r e  ( t  ) and  a f t e r  s i x t y  m i n u t e s  ( t .  ) o f  p e r f u s i o n  w i t h  Krebs  
0 60
p h o s p h a t e  b u f f e r  a t  l . O m l / m i n .
On O f f
\  \  \
7 . 0 —1
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response to  anoxia confirmed previous find ings  (Lucas, 1983). I t  
should a lso  be re c a l le d  th a t  in experiments on a c id i f i c a t io n ,  
u s ing  dead animals ( i . e .  completely anoxic) th e re  was no 
a c i d i f i c a t i o n  of the p e rfu sa te .  Thus in  the  l ig h t  of t h i s  
evidence anoxic a r t e f a c t  can be completely ruled out as the  cause 
o f a c id i f i c a t io n .
(b) Measurement of mucosal surface pH of r a t  ileum in vivo 
The r a t  ileum has long been considered as capable of a c t iv e  
bicarbonate  sec re t io n  (Parsons, 1956; Hubei, 1967; Hubei, 1969). 
However the  r e s u l t s  obtained from the perfused loop experiments 
presented  in  Section 3.1(e) suggested th a t  the ileum sec re te s  
very  l i t t l e ,  i f  any, bicarbonate  under unstimulated con tro l 
c o n d i t io n s .  To d a te ,  the re  has only been one measurement of in  
v ivo  r a t  i l e a l  mucosal surface  pH (Lucas, 1983) where a value of 
7 .23  was recorded.
In the  p resen t study, when r a t  ileum was perfused with 
Krebs-phosphate b u ffe r  (Figure 3.12) the mean i l e a l  mucosal 
su rface  pH was 7.00+0.05(5). As in the jejunum, th i s  value did 
no t change s ig n i f ic a n t ly  over the  s ix ty  minute perfusion  period . 
This n e u tra l  surface  pH measurement provides fu r th e r  evidence 
th a t  the  ileum i s  not sec re ting  appreciable  amounts of 
b icarbonate  under these con tro l cond itions . One might expect a 
b icarbona te  s ec re t in g  t is su e  to  have a considerably  more a lk a l in e
s u r f a c e .
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of E .c o l i  STa en tero tox in  on .je.iunal surface  pH 
From experiments on in vivo perfused loops of r a t  jejunum i t  was 
demonstrated th a t  exposing the je ju n a l  mucosa to  E .c o l i  STa tox in  
r e s u l te d  in a cessa tion  of the  luminal a c id i f i c a t io n  observed in  
the  unchallenged jejunum. The following experiments were 
undertaken to  a sc e r ta in  whether th i s  e f fe c t  might bring about 
changes in  mucosal surface pH in  the jejunum.
I t  was p rev iously  demonstrated (Section 3 .2 (a ))  th a t  the mucosal 
su rface  pH of in vivo r a t  jejunum was 6.34+0.05(10) and th a t  th i s  
remained unchanged during s ix ty  minutes of pe rfus ion  with
Krebs-phosphate b u ffe r  (pH 7 .1 ) .  When E .co li  STa en te ro tox in  was 
incorpora ted  in to  th i s  perfusate  in a concentra tion  of I4ug/ml 
(F igure  3.13) the  mean mucosal surface pH rose s ig n i f ic a n t ly  
(PC0.02) w ithin f iv e  minutes of toxin  exposure. This
a lk a l i n i s a t i o n  e f f e c t ,  the acid mucosal surface becoming 
e f f e c t i v e ly  n e u t r a l ,  was complete a t  t h i r t y  m inu tes , by which 
time the  mean surface pH was 6 .9 1±0.08 (10). The mucosal surface  
remained a t  t h i s  elevated leve l fo r  as long as the  en te ro tox in
was p resen t  in the  pe rfu sa te .  When the toxin was washed out of
the  chamber and replaced with f r e s h ,  to x in - free  b u f fe r ,  the mean 
mucosal surface  pH f e l l  s ig n i f ic a n t ly  (P<0.001) to  values of 
6.50+0.07(10) within f i f t e e n  minutes of toxin  removal. The 
a lk a l in i s i n g  e f f e c t  of STa is  the re fo re  both rapid and re a d i ly  
re v e r s ib le  as is  co n s is ten t  with STa e f fe c ts  on n e t  f lu id  
t r a n s p o r t  in the same t is su e  (Mullen e t  a l . ,  1978).
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F i g u r e  3 -1 3  E f f e c t  o f  E . c o l i  STa t o x i n  on m ucosa l  s u r f a c e  pH
o f  r a t  p r o x i m a n  j e j u n u m  i n  v i v o .  A f t e r  s i x t y  m i n u t e s ,  t o x i n  was
w a s h e d  o u t  and  t o x i n - f r e e  b u f f e r  was p e r f u s e d .  V a l u e s  a r e  g i v e n  
+
a s  mean  -  S . E . M .  f o r  t e n  e x p e r i m e n t s ,  one  o b s e r v a t i o n  p er  a n i m a l
a t  t h e  s p e c i f i e d  t i m e s  ( *  = P < 0 . 0 2 ;  ** = p <  0 . 0 0 1  c o m p a re d  w i t h
v a l u e  a t  t  ; = P <  0 . 0 0 1  co m p are d  w i t h  v a l u e  a t  t  ) .
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) E ffec t—of* E .c o l i  STa en tero tox in  on i l e a l  surface pH 
Exposing the  i l e a l  mucosa to  E. c o l i  STa toxin re su l ted  in  near 
n e g l ig ib le  ne t b icarbonate sec re t io n  in normal ileum being 
e lev a ted  almost nine fo ld .  Since STa elevated the mucosal surface  
pH in  the  jejunum the re  was a strong p o s s ib i l i t y  th a t  th is  
increased  i l e a l  luminal a lk a l in is a t io n  a f t e r  STa challenge would 
cause an e lev a tio n  of the mucosal surface pH. To t e s t  t h i s ,  
s im i la r  experiments to  those described in the previous sec t io n  
were undertaken in  the d i s t a l  ileum.
As p re d ic ted ,  when the i l e a l  mucosa was perfused with 
Krebs-phosphate bu ffe r  contain ing  I4ug/ml of E .c o l i  STa 
e n te ro to x in  (Figure 3.1*0 mucosal surface  pH rose s ig n i f ic a n t ly  
(P<0.05) w ith in  f ive  minutes. The mucosal surface  continued to  
a l k a l i n i s e ,  considerably above bulk so lu tio n  pH (7 .1 0 ) ,  reaching 
values of 7.67+0.06(5). As in the jejunum, when the tox in  was 
removed from the chamber and the t i s s u e  was perfused with 
to x in - f r e e  Krebs-phosphate b u f fe r ,  the surface pH re tu rned  
towards con tro l  va lues, f a l l in g  s ig n i f ic a n t ly  (P<0.001) to  
7.26+0.03(5) a f t e r  f i f t e e n  minutes.
Exposure to  E .c o l i  STa entero toxin  re su lted  in  a s ig n i f ic a n t  
e le v a t io n  of surface pH in  both jejunum and ileum. In both 
t i s s u e s  the  e f fe c t  was rap id  and re a d i ly  r e v e r s ib le .  The 
c u r r e n t ly  accepted view is  th a t  STa induces i t s  e f f e c t s  on f lu id  
t r a n s p o r t  by s tim ula ting  p a r t ic u la te  guanylate cyclase (F ie ld , 
G raf, Laird & Smith, 1978) and thereby e leva ting  i n t r a c e l l u l a r
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w a s h e d  o u t  and t o x i n - f r e e  b u f f e r  was p e r f u s e d .  V a l u e s  a r e  g i v e n  
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cGMP le v e ls  (Hughes, Murad, Chang & Guerrant, 1978; F ie ld  e t  a l . ,  
1978). I t  i s  thought th a t  elevated cGMP le v e ls  have a d i r e c t  ro le  
in  th e  sec re to ry  process induced by STa. There i s  th e re fo re  a 
p o s s i b i l i t y  th a t  STa-induced mucosal a lk a l in i s a t io n  i s  a lso  
mediated through cGMP. Experiments were undertaken to  t e s t  th i s  
v iew . In o rder  to  sim plify  in te rp re ta t io n  and exclude lo c a t io n  as 
a f a c to r  causing v a r i a b i l i t y ,  a l l  subsequent surface  pH 
experiments were r e s t r i c t e d  to  the jejunum.
(e) E ffec t  of STh(6-19) peptide on .je.iunal surface pH 
To ensure th a t  the  a lk a l in i s a t io n  response observed a f t e r  je ju n a l  
exposure to  STa was ac tu a l ly  induced by  the  tox in  r a th e r  than by 
seme indigenous product in the toxin p repara t ion , the  e f f e c t  of a 
s y n th e t i c a l ly  produced STa analogue on je juna l surface  pH was 
in v e s t ig a te d .  This toxin analogue was a sh o r te r  form of a heat 
s t a b l e  en te ro tox in  produced by  a human s t r a in  of en tero tox igen ic  
E .c o l i  ( s t r a in  SEC-1) consis ting  of fourteen  amino acid res idues  
(Aimoto, Ikemura, Shimonishi, Takeda, Takeda & Miwatani, 1983). 
This sy n the tic  peptide has previously been shown to  be 2-5 times 
more po ten t than native STa but ex h ib its  the same b io lo g ic a l  
p r o p e r t ie s .  The amino acid sequence of t h i s  pep tide , re fe r re d  to  
as STh(6-19) pep tide , c o n s t i tu te s  the thermodynamically s tab le  
and b io lo g ic a l ly  active  s i t e  of ST toxins (Aimoto e t  a l . ,  1983).
When t h e  m u c o s a l  s u r f a c e  o f  i n  v i v o  r a t  j e j u n u m  was e x p o s e d  t o  
STh(6-19) p e p t i d e  ( 2 5 0 n g / m l )  ( F i g u r e  3.15) t h e r e  w a s  a  r a p i d  
e l e v a t i o n  of s u r f a c e  pH, a s i g n i f i c a n t  ( P < 0 . 0 0 1 )  i n c r e a s e  b e i n g
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F i g u r e  3 - 1 5  C o m p a r a t i v e  e f f e c t s  o f  E . c o l i  STa t o x i n  (— •  )
a n d  S T h ( 6 - 1 9 )  p e p t i d e  ( - - O - - )  on m u c o s a l  s u r f a c e  pH o f  r a t
p r o x i m a l  j e j u n u m  in  v i v o . V a l u e s  a r e  g i v e n  a s  mean -  s .E.M.  f o r
f i v e  ( S T h [ 6 - 1 9 J )  a n d  t e n  ( S T a )  e x p e r i m e n t s ,  o n e  o b s e r v a t i o n  p e r
a n i m a l  a t  s p e c i f i e d  t i m e s  ( *  = P <  0 . 0 0 1  compared  w i t h  v a l u e  a t
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de tec ted  w ithin  f iv e  m inutes. After s ix ty  minutes exposure the 
mean surface  pH was measured as 6 .95+0.01(5). The response to  
STh(6-19) was s t a t i s t i c a l l y  in d is t in g u ish ab le  (Figure 3.15) in 
both  time course and magnitude from the response to  na tive  STa. 
As with the  n a t iv e  to x in ,  when the peptide was removed from the  
chamber and replaced with fresh  b u f f e r ,  the  surface  pH re turned  
ra p id ly  to  acid values , f a l l i n g  s ig n i f i c a n t ly  (P<0.001) to  
6.30+0.02(5) a f t e r  f i f t e e n  minutes.
This r e s u l t  had two im p lica tions . F i r s t l y ,  s ince  STh(6-19) i s  a 
s y n th e t ic a l ly  produced, h ighly  p u r if ied  chemical, i t  seems very 
u n l ik e ly  th a t  the e f fe c t  of na tive  STa on i n t e s t i n a l  mucosal 
su rface  pH i s  due to  anything o th e r  than the en tero tox igen ic  
a c t i v i t y  of STa alone. Secondly, i f  t h i s  is  a v a l id  assumption, 
then i t  i s  not unreasonable to  p red ic t  th a t  the  presented 
phenomenon may be due to  an STa-induced e lev a tio n  of 
i n t r a c e l l u l a r  cGMP. The following th ree  s e ts  of experiments 
in v e s t ig a te d  th is  p o s s ib i l i ty  f u r th e r .
( f )  E ffec t  of E .co li  STa en tero tox in  in combination with 
theophylline  on .ie.iunal surface  pH 
Theophylline, a phosphodiesterase in h ib i to r  which in h ib i t s  both 
guanylate  and adenylate cyclase a c t i v i t i e s  in r a t  small in te s t in e  
(Q uill  & Weiser, 1975), has been shown (Hamilton, Forsy th , Roe & 
N ie lsen , 1978) to  enhance i n te s t in a l  sec re to ry  a c t i v i ty  when 
combined with cholera to x in ,  E .co li  LT to x in ,  and E_.c o l i  STa 
to x in .  A s e r ie s  of experiments was undertaken to  determine
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whether theophy lline  would augment the a lk a l in i s a t io n  of je ju n a l  
su rface  pH induced by STa.
Exposing r a t  jejunum to  a combination of E .c o l i  STa toxin  
( I4ug/ml) and theophylline  (20mmol/l) (Figure 3*16) re s u l te d  in 
no s ig n i f i c a n t  change to  e i t h e r  the time course or the  magnitude 
of th e  normal a lk a l in is a t io n  response to  STa (Figure 3 .1 3 ) ,  and 
th e re fo re  theophylline  did not add to  the  surface  pH e f f e c t s  of 
STa. A fte r  s ix ty  m inutes, the mean mucosal surface  pH of 
6 .86+0.02(6) was not s ig n i f ic a n t ly  d i f f e r e n t  from the value of 
6.91±0.08( 10) observed a f t e r  exposure to  STa alone. However, when 
STa was removed from the chamber and replaced by f re sh  b u f fe r ,  
co n ta in ing  theophylline  (20mmol/l) a lone, su rface  pH did not 
r e tu rn  to  con tro l  values as before . A fter f i f t e e n  minutes of 
exposure to  theophylline  the mean surface  pH had not changed 
s i g n i f i c a n t l y ,  remaining a t  an elevated le v e l  of 6 .81+0.04(6). 
Removing theophylline  from the chamber a t  th i s  time re s u l te d  in a 
very  rap id  re tu rn  to  acid values (P<0.001), the  mean surface  pH 
a f t e r  f i f t e e n  minutes being 6.15±0.01(6). This value was not 
s i g n i f i c a n t ly  d i f f e re n t  from the mean surface pH of 6.10+0.04(6) 
measured a t  the  onset of these experiments.
(g) E ffec t  of theophylline  on je ju n a l  surface pH
To in v e s t ig a te  the  p o s s ib i l i ty  th a t  the r e s u l t  presented in the 
previous sec t io n  might be so le ly  due to  the actions  of 
th e o p h y ll in e ,  in  the following experiments the je ju n a l mucosa was 
exposed to  theophylline  a lone. Theophylline (20mmol/l) had no
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F i g u r e  3 - 1 6  E f f e c t  o f  E . c o l i  STa t o x i n  i n  c o m b i n a t i o n  w i t h
t h e o p h y l l i n e  (20mM) on m u c o s a l  s u r f a c e  pH o f  r a t  p r o x i m a l  j e j u n u m
i n  v i v o . STa and  t h e o p h y l l i n e  wer e  r e p l a c e d  a f t e r  s i x t y  m i n u t e s
by t o x i n - f r e e  K r eb s  b u f f e r  c o n t a i n i n g  t h e o p h y l l i n e  (20mM) f o l l o w e d
by K r e b s  b u f f e r  a l o n e  a f t e r - s e v e n t y  f i v e  m i n u t e s .  V a l u e s  a r e  
+
g i v e n  a s  mean -  S . E . M .  f o r  s i x  e x p e r i m e n t s ,  o n e  o b s e r v a t i o n  p e r  
a n i m a l  a t  t h e  s p e c i f i e d  t i m e s  (*  = P <  0 . 0 2 ;  * *  = P <  0 . 0 0 1  
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e f f e c t  (Figure 3.17) on je ju n a l  surface pH. The pH of 
6 .16+0.03(5) measured a f t e r  s ix ty  minutes did not d i f f e r  
s i g n i f i c a n t l y  from the  value of 6.13±0.04(5) measured a t  the  
o n se t of these  experiments.
Theophylline seems incapable of a l t e r in g  surface pH when applied 
a lo n e .  This may be because the  basal cGMP phosphodiesterase 
a c t i v i t y  in  the r a t  small in te s t in e  is  low and hence in h ib i t in g  
t h i s  does no t change the i n t r a c e l l u l a r  cGMP le v e ls  to  any g rea t  
e x te n t .  A l te rn a t iv e ly ,  s ince theophylline  is  a weak base with a 
pKa of 8.75, the re  is  a p o s s ib i l i t y  t h a t ,  a t  the surface  pH 
p re v a i l in g  in  the  jejunum, th e re  is  in s u f f ic ie n t  unionised 
th eophy lline  presented to  the mucosal surface to permit enough 
drug to  t ra v e rs e  the  brush border membrane. In the presence of 
STa to x in ,  however, the surface pH is  elevated and, th e re fo re  
more o f the  unionised species would be p resent to  e n te r  the  c e l l .  
This l a t t e r  argument seems the more p lausib le  since the more 
permeable form of theophy lline , aminophylline (an 
e tby lenediam ine/theophylline  complex) had profound e f f e c t s  on r a t  
je ju n a l  surface  pH in  v i t r o  (Lucas & B la ir ,  1978).
(h) E f fe c t  of 8-bromo cGMP on je ju n a l  surface pH
Since the  r e s u l t s  of the  preceeding experiments a l l  pointed to  
cGMP as the  l ik e ly  mediator of toxin  induced a lk a l in i s a t io n  an 
a ttem pt was made to  induce an e lev a tio n  of surface pH using the 
8-bromo analogue of cGMP (8-bromo cGMP). This species is  more 
permeable than the na tive  oGMP molecule. Exogenously applied
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F i g u r e  3 - 1 7  E f f e c t  o f  t h e o p h y l l i n e  (20mM) on m u c o s a l  s u r f a c e
pH o f  r a t  p r o x i m a l  j e j u n u m  i n  v i v o . V a l u e s  a r e  g i v e n  a s  mean -  
S . E . M .  f o r  f i v e  e x p e r i m e n t s ,  o n e  o b s e r v a t i o n  p e r  a n i m a l  a t  t h e  
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8-bromo cGMP resembles STa e f f e c t s  on in t e s t i n a l  f lu id  se c re t io n  
(Hughes e t  a l . ,  1978) and th e re fo re ,  i f  cGMP is  involved 8-bromo 
cGMP should e lev a te  the  mucosal surface  pH.
In pre lim inary  experiments 8-bromo cGMP was added exogenously to  
th e  mucosal surface of r a t  jejunum in a concen tra tion  of 1mmol/l. 
At t h i s  concen tra tion  there  was no e f fe c t  of 8-bromo C04P on 
su rface  pH. The mean pH a f t e r  s ix ty  minutes exposure was 
6 .24+0.03(5), not s ig n i f ic a n t ly  d i f f e r e n t  from the  value of 
6.20+0.04(5) measured a t  the  onset of these  experiments.
Five mM 8-bromo cGMP does not always a l t e r  f lu id  t ra n sp o r t  in r a t  
jejunum in  vivo (Eklund, Jodal & Lundgren, 1986), th e re fo re  i t  i s  
not su rp r is in g  th a t  1mM 8-bromo cGMP had no e f f e c t  on the  same 
t i s s u e ;  20mM induces a maximal s ec re t io n  (Eklund e t  a l . ,  19 86). 
Therefore , these  higher concen tra tions  of 8-bromo cGMP were used. 
Within f iv e  minutes of exposure to  20mM 8-bromo c(24P (Figure 
3.18) the  je ju n a l  mucosal surface had a lk a l in ise d  s ig n i f i c a n t ly  
(P<0.001) above con tro l  values.The mucosa continued to  a lk a l in i s e  
f o r  the  remainder of the s ix ty  minute pe rfus ion , f i n a l l y  reaching 
a mean pH of 6.96+0.01(5). As with STh(6-19) peptide and with the  
combination of native  E .co li  STa toxin  and theo p h y ll in e ,  th i s  
f i n a l  value was not s ig n i f ic a n t ly  d i f f e r e n t  from mean surface  pH 
measured a f t e r  s ix ty  minutes of perfusion with E .c o l i  STa tox in  
a lone . The time course of the  response to  20mM 8-bromo c(24P was 
a lso  not s ig n i f ic a n t ly  d i f f e r e n t  from the response obtained with 
n a t iv e  to x in .  As with STa, when 8-bromo cGMP was removed from the
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Fig u re  3-18 E f f e c t  o f  8-bromo cGMP (20mM) on mucosal  s u r fa c e
pH o f  r a t  p r o x i m a l  j e j u n u m  i n  v i v o . A f t e r  s i x t y  m i n u t e s  8 - br om o
cGMP was r e m o v e d  and r e p l a c e d  by f r e s h  b u f f e r .  V a l u e s  a r e  g i v e n  
+
a s  mean -  S . E . M .  f o r  f i v e  e x p e r i m e n t s , one  o b s e r v a t i o n  p er  a n i m a l
a t  t h e  s p e c i f i e d  t i m e s  ( * * *  = P <  0 . 0 0 1  co m p are d  w i t h  v a l u e  a t
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chamber the  surface pH returned to  acid va lu es ,  f a l l i n g
s i g n i f i c a n t ly  (PC0.001) to  6.37+0.04(5) w ith in  f i f t e e n  minutes. 
This i s  perhaps more convincing evidence th a t  c04P is  the 
m edia tor of STa induced a lk a l in i s a t io n  of in vivo r a t  je ju n a l  
mucosa.
To summarise, E .co li  STa en tero tox in  abolished luminal 
a c i d i f i c a t i o n  in r a t  jejunum and increased luminal a lk a l in i s a t io n  
in  r a t  ileum, thereby causing the e leva tion  of the  i n t e s t i n a l  
mucosal surface  pH in  both jejunum and ileum a f t e r  STa challenge . 
This a lk a l in i s a t io n  is  both rapid  and re v e rs ib le  as is  c o n s is te n t  
w ith  STa a c t iv a t io n  of guanylate cyclase and STa in h ib i t io n  of 
n e t  f l u i d  absorp tion . A sy n th e t ic ,  h ighly  p u r i f ie d  ST analogue 
( th e  fo u r teen  amino acid pep tide , STh(6-19)) had the  same ac tio n  
on je ju n a l  su rface  pH as na tive  STa toxin  and hence, the e f fe c t  
i s  probably due to  the  en tero toxigenic  a c t i v i ty  of STa, r a th e r  
than to  some contaminant in the STa p repara t ion  used in these  
experim ents. Since the known ac tio n  of STa i s  to  s tim ula te  
guanylate  cyc lase , th i s  would suggest th a t  cGMP is  the mediator 
o f  the  observed surface a lk a l in i s a t io n .  Theophylline, a 
phosphodiesterase in h ib i to r ,  prevented the  normal re v e rsa l  of STa 
e f f e c t s  a f t e r  toxin removal, presumably by maintaining 
STa-elevated in t r a c e l lu la r  cGMP le v e l s .  Theophylline alone had no 
e f f e c t  on surface  pH. F in a l ly  the 8-bromo analogue of cGMP 
reproduced STa action on je juna l surface pH. I f  cGMP is the  
m ediator of STa ac tion  on in te s t in a l  surface pH, the question of 
whether t h i s  phenomenon is  a sp ec if ic  consequence of cGMP
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dependent sec re to ry  processes or merely a general response to  any 
se c re to ry  stim ulus a r i s e s .  In an attempt to  answer th i s  question , 
experiments invest iga ted  the e f fe c ts  of severa l cAMP dependent 
s e c re to ry  agents on je ju n a l  surface pH.
( i ) E ffec t  of 8-bromo cAMP on je.iunal surface  pH 
As a d i r e c t  comparison between cGMP and cAMP dependent sec re to ry  
p ro cesses ,  the  e f f e c t  of the 8-bromo analogue of cAMP on je ju n a l  
su rface  pH was invest iga ted  (Figure 3 .19 ).  As with 8-bromo cCMP 
when 8-bromo cAMP was applied to  the  mucosal surface in  a
co ncen tra tion  of 1mmol/l there  was no change in  su rface  pH, the
mean pH a f t e r  s ix ty  minutes exposure was 6.l6+,0.05(5). This was 
not s ig n i f ic a n t ly  d i f f e r e n t  from the value of 6.12+0.04(5) 
measured a t  the  commencement of these  experiments.
Increas ing  the  concen tra tion  of 8-bromo cAMP to  20mmol/l elevated 
the su rface  pH s ig n i f ic a n t ly  (PC0.02) within f iv e  minutes,
however the  e f fe c t  was s ig n i f ic a n t ly  (P<0.001) lower than th a t
induced by 8-bromo cGMP a t  the same concen tra tion . The maximum pH 
a t ta in e d  was 6 .35±0.07(5), a f t e r  f i f t e e n  minutes of exposure. The 
surface  pH remained approximately a t  th is  le v e l  u n t i l  the end of 
the  s ix ty  minute perfusion when the mean pH was 6.33+0.06(5). 
Removing 8—bromo cAMP from the chamber re su l ted  in the surface  pH 
re tu rn in g  to  con tro l va lues , f a l l i n g  s ig n i f ic a n t ly  (P<0.05) to  
values of 6 .15±0.05(5), not s ig n i f ic a n t ly  d i f fe re n t  from the 
value of 6.11+0.03(5) measured a t  the  onset of the  experiments.
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F i g u r e  3 - 1 9  E f f e c t  o f  8 - b r o m o  cAMP (20mM) on m u c o s a l  s u r f a c e
pH o f  r a t  p r o x i m a l  j e j u n u m  in  v i v o . A f t e r  s i x t y  m i n u t e s  8 - b r om o
cAMP was  r e m o v e d  and r e p l a c e d  by f r e s h  b u f f e r .  V a l u e s  a r e  g i v e n
a s  mean -  S . E . M .  f o r  f i v e  e x p e r i m e n t s ,  one o b s e r v a t i o n  p e r  a n i m a l
a t  t h e  s p e c i f i e d  t i m e s  ( *  = P< 0 . 0 2 ;  ** = P < 0 . 0 1  c o m p a re d  w i t h
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Although 8-bromo cAMP causes an e leva tion  of* mucosal surface pH, 
th e  e f f e c t  i s  very small compared to  th a t  of 8-bromo cGMP, E .c o l i  
STa to x in  and STh(6-19) pep tid e .  This would suggest th a t  cAMP is  
a l e s s  po ten t e f f e c to r  of surface  pH changes than cGMP.
( j )  E ffec t of fo rsk o lin  on .ie.iunal surface  pH
To in v e s t ig a te  whether the e f fe c t  of 8-bromo cAMP could be 
reproduced by e lev a tin g  i n t r a c e l l u l a r  cAMP le v e ls  through 
adenylate  cyclase  ,the  e f fe c t  of fo rsk o lin  on surface  pH was 
s tu d ie d .  Forsko lin , a d ite rpene  of the  labdane fam ily , i s  a 
po ten t adenylate cyclase a c t iv a to r  in a v a r ie ty  of t i s s u e s  
(Seamon & Daly, 1981), including  the in te s t in e  (Boige e t  a l . ,  
1984).
Because in previous experiments 0.1mM fo rsk o l in  reduced luminal 
a c id i f i c a t io n  in the jejunum but f a i l e d  to  abo lish  i t  completely 
the  co ncen tra tion  of fo rsk o lin  in the  p e rfu sa te  was increased to  
1mmol/l. This is  unusually  high fo r  in  v i t r o  experiments but 
seems to  be necessary  to  demonstrate s im ila r  e f fe c t s  in vivo (B. 
Bridges, personal communication), perhaps because of the rap id  
a bso rp tion  and hence c learance away from the  s i t e  of a c t io n  of 
f o r s k o l in .
When the mucosal surface was exposed to  fo rsk o lin  ( 1mM), th e re  
was a s ig n i f ic a n t  (P<0.05) e lev a tio n  (Figure 3 »20) of surface  pH 
after* t h i r t y  minutes, the  mean pH being 6.46+0.01(3)• However, 
the  su rface  pH f e l l  again over the next t h i r t y  minutes to  
6.38+0.04(3) which was not s ig n i f ic a n t ly  d i f f e r e n t  from the mean
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F i g u r e  3 - 2 0  E f f e c t s  o f  f o r s k o l i n  (ImM) (------A — ) , t h e o p h y l l i n e
(20mM) (— O — ) and  f o r s k o l i n  (ImM) p l u s  t h e o p h y l l i n e  (20mM) ( —  • — )
on m u c o s a l  s u r f a c e  pH o f  r a t  p r o x i m a l  j e j u n u m  in  v i v o . V a l u e s  a r e
g i v e n  a s  t h e  mean -  S . E . M .  f o r  f i v e  ( t h e o p h y l l i n e  and f o r s k o l i n  +
t h e o p h y l l i n e )  a n d  t h r e e  ( f o r s k o l i n )  e x p e r i m e n t s ,  o n e  o b s e r v a t i o n
p e r  a n i m a l  a t  s p e c i f i e d  t i m e s  ( *  = P <  0 . 0 5 ;  * *  = P<  0 . 0 2 ;
P <  0 . 0 0 1  c o m p a r e d  w i t h  v a l u e  a t  t  ; tJF = P <  0 . 0 0 1  c o m p a r e d  w i t h
v a l u e  a t  t „ ) .60
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s t a r t i n g  pH, 6 .20Hb0.07(3). This e f fe c t  of fo rsk o l in  is  c o n s is te n t  
w ith  the  reduced, but not abolished , luminal a c id i f i c a t io n  
observed in  perfused loop experiments when fo rsk o l in  was 
incorpora ted  in  the  p e rfu sa te .
In  s ep a ra te  experiments, a combination of theophy lline  (20mM) and 
fo r s k o l in  (1mM) (Figure 3.20) caused an e leva tion  of su rface  pH 
which, l ik e  the  response to  STh(6-19), was s t a t i s t i c a l l y  
in d is t in g u ish a b le  in  both time course and magnitude from th a t  
induced by na tive  STa. A s ig n i f ic a n t  (P<0.02) increase  in  surface 
pH was detec ted  w ithin  f iv e  minutes and th i s  continued to  r i s e  
f o r  th e  remainder of the s ix ty  minute perfus ion  period when 
values of 6.924:0.0 3(5) were recorded. As with STa, removing 
fo r sk o l in  and theophylline  from the t is su e  re su l ted  in  a re v e rsa l  
of the  response , surface pH f a l l in g  s ig n i f ic a n t ly  (PC0.001) to  
values  of 6 .37±0.04(5).
T herefore , the  responses to  fo rsk o lin  and to  8-bromo cAMP were 
very  s im i la r ,  demonstrating th a t  cAMP is  le ss  e f fe c t iv e  than cGMP 
a t  inducing mucosal surface a lk a l in i s a t io n .  However, when 
theophy lline  was combined with fo rsk o lin  the  a lk a l in i s a t io n  
response was v i r t u a l l y  id e n t ic a l  to  those obtained with the  cGMP 
e lev a t in g  agents .
Since theophylline  was in e f fe c tu a l  when applied a lone, the 
presence of fo rsk o lin  must have permitted more theophylline  to  
e n te r  the  en terocy tes  than was possib le  under con tro l co n d itio n s .  
This i s  possib le  since the e levation  of surface pH observed with
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f o r s k o l in  might allow s u f f ic ie n t  theophylline  to  en te r  the c e l l  
by non-ionic  d i f fu s io n  than would be possib le  under the  normally 
ac id  su rface  c o n d it io n s .  Since theophylline  in h ib i t s  cAMP and 
cGMP phosphodiesterase (Q uill  & Weiser, 1975)j breakdown of both 
th ese  compounds would be prevented. However, since 8-bromo cAMP 
was r e l a t i v e l y  in e f fe c t iv e  in e leva ting  surface pH i t  seems more 
l i k e l y  th a t  the increased a lk a l in i s a t io n  with theophylline  i s  due 
to  a bu ild  up of cGMP.
(k) E ffec t  of cho lera  toxin  on .ie.iunal surface pH 
To in v e s t ig a te  fu r th e r  the  e f f e c t s  of cAMP-dependent sec re to ry  
p rocesses on surface  pH, the je juna l mucosa was subjected to  
prolonged exposure to cholera  tox in . Cholera to x in ,  l ik e  
fo r s k o l in ,  s tim ula tes  adenylate cyclase and thereby r a i s e s  
i n t r a c e l l u l a r  cAMP leve ls  (F ie ld ,  Fromm, Al-Awqati & Greenough, 
1972). This e f f e c t ,  following a c h a r a c te r i s t i c  lag pe rio d , i s  
e s s e n t i a l l y  i r r e v e r s ib le  fo r  the  dura tion  of the l i f e t im e  of the  
c e l l  (Lonnroth, 1983).
Cholera tox in  (20ug/ml) had no s ig n if ic a n t  e f fe c t  on je ju n a l  
su r fa ce  pH (Figure 3.21) u n t i l  150 minutes had e lapsed . A fter s ix  
hours the  mucosal surface had a lk a l in ised  to  values of 
6 .42+0.05(5), s ig n i f ic a n t ly  (P<0.001) higher than the value 
measured a t  the  onset of these experiments, 6 . 1 1±0.03(5)• This 
was a very s im ila r ,  although much slower, e levation  of surface  pH 
to  th a t  observed with both 8-bromo cAMP and fo rsk o l in .  This must 
be regarded as evidence th a t  cAMP-dependent sec re to ry  processes
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F i g u r e  3 - 2 1  E f f e c t  o f  c h o l e r a  t o x i n  on m u c o s a l  s u r f a c e  pH o f
r a t  p r o x i m a l  j e j u n u m  i n  v i v o . V a l u e s  a r e  g i v e n  a s  mean -  S .E . M .  
f o r  f i v e  e x p e r i m e n t s ,  on e  o b s e r v a t i o n  p e r  a n i m a l  a t  t h e  s p e c i f i e d  
t i m e s  ( *  = P <  0 . 0 2 ;  **  = P <  0 . 0 1 ;  ***  = p <  0 . 0 0 1  co m p are d  w i t h  
v a l u e  a t  t  ) .o *














a re  much le s s  e f fe c t iv e  inducers of surface a lk a l in i s a t io n  than 
cGMP-dependent p rocesses.
A dd itiona l experiments were undertaken in which r a t  jejunum was 
p re t r e a te d  with 100ug of cholera toxin  seventeen hours p r io r  to  
su r fa ce  pH measurement. In these animals, when the in te s t in e  was 
prepared fo r  surface pH measurement, the marked and lo c a l ise d  
oedematous s t a t e  of the t i s su e  was evidence th a t  the  tox in  had 
been f u l l y  a c t iv e .
When th e  je ju n a l  mucosal surface pH was measured in  these  cho lera  
to x in  t r e a te d  animals (Figure 3.22) the mean pH was 6 .23+0.04(4). 
This value i s  s ig n i f ic a n t ly  higher than the mean je ju n a l  su rface  
pH obtained from a l l  the surface pH experiments performed in  th i s  
s tu d y  (6 .18+0.01(84)). This d ifference is  only s ig n i f ic a n t  
because of the  large  number of control observations (n=84) and 
probably  does not r e f l e c t  a true  population d if fe ren c e .
However, when the  cholera  toxin trea ted  in te s t in e  was perfused 
with b u ffe r  containing 20mM theophylline (Figure 3.22) the  
su rface  pH rose  s ig n i f ic a n t ly  (P<0.001) to  6.75±0.06(4) a f t e r  
t h i r t y  minutes and 6.76±0.04(4) a f t e r  s ix ty  m inutes . Removal of 
th eo p h y ll in e  from the perfusate  resu lted  in the  surface pH 
f a l l i n g  s ig n i f ic a n t ly  (P<0.001) within f i f t e e n  minutes to  
5 .36+0 .01(4). Therefore, as with fo rsk o lin ,  adding theophylline  
to  ch o lera  to x in - trea ted  t is su e  caused a la rg e r  e lev a tio n  of 
su r fa ce  pH than was evident when e i th e r  compound was applied 
a lo n e .
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F i g u r e  3 -2 2  E f f e c t  o f  t h e o p h y l l i n e  (20mM) on m u c o s a l  s u r f a c e
pH o f  i n  v i v o  r a t  p r o x i m a l  j e junum  p r e t r e a t e d  (17 h o u r s )  w i t h  
c h o l e r a  t o x i n .  P r e t r e a t m e n t  w i t h  c h o l e r a  t o x i n  i s  p r e s e n t e d  a t  
t  ( #  ) w i t h  c o n t r o l  v a l u e  (0) f o r  c o m p a r i s o n .  C h o l e r a  t o x i n  p l u s  
t h e o p h y l l i n e  ( 20mM) i s  shown (— # — ) with theophylline  r e p l a c e d  
by K r e b s  b u f f e r  a f t e r  s i x t y  m i n u t e s  an d  compared with u n t r e a t e d
jejunum (--- A--)  e x p o s e d  t o  t h e o p h y l l i n e  (20mM) a lone . V a l u e s  a r e
given a s  mean -  S . E . M .  f o r  6? ( c o n t r o l ) ,  4 (cho lera  tox in  
p re t r e a t m e n t ) and 5 (theophylline  a l o n e )  experiments, one 
o b se rv a tio n  per animal a t  spec if  ied times (* = P < 0.001 compared 
with CT a t  t  ; = P < 0.001 on comparison with CT plus
t h e o p h y l l i n e  a t  60 minutes).
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(1) Ef-Xgct Staphylococcus aureus d tox in  on .je.junal 
su r fa ce  p H
S t a p h y l o c o c c u s  a u r e u s  d t o x i n  h a s  b e e n  shown t o  e x h i b i t
e n t e r o t o x i g e n i c  p r o p e r t i e s ,  i n h i b i t i n g  n e t  f l u i d  a b s o r p t i o n  i n  
g u i n e a  p i g  a n d  r a b b i t  s m a l l  i n t e s t i n e  ( K a p r a l , O ' B r i e n  & D r u g e n ,  
1 9 7 6 ) .  The  t o x i n  i n d u c e s  t h i s  f l u i d  s e c r e t i o n  by e l e v a t i n g  
i n t r a c e l l u l a r  cAMP l e v e l s .  However  t h e  m e c h a n is m  w h e r e b y  cAMP 
p r o d u c t i o n  i s  i n c r e a s e d  i s  n o t  f u l l y  u n d e r s t o o d .
When r a t  j e j u n a l  m u c o sa  was e x p o s e d  t o  S . a u r e u s  d t o x i n  ( 1 m g / m l )  
( F i g u r e  3 . 2 3 ) ,  t h e r e  was n o  s i g n i f i c a n t  c h a n g e  i n  t h e  m u c o s a l  
s u r f a c e  pH o v e r  t h e  t h r e e  h ou r  p e r f u s i o n  p e r i o d .  The mean pH 
a f t e r  t h r e e  h o u r s  was  6 . 3 0 + 0 . 0 9 ( 3 )  co m p are d  t o  6 .2 9 +0 . 0 1 ( 3 ) a t  
t h e  o n s e t  o f  t h e  e x p e r i m e n t s .  I t  mus t  be c o n c l u d e d  t h a t  S . a u r e u s  
d t o x i n  ha d  n o  e f f e c t  o n  r a t  j e j u n a l  s u r f a c e  pH i n  v i v o .
Summary o f  s u r f a c e  p H e x p e r i m e n t s
T h e  m u c o s a l  s u r f a c e  pH o f  r a t  s m a l l  i n t e s t i n e  w as  m e a s u r e d  i n
v i v o . W i t h  a  b u f f e r  pH o f  7 . 1 ,  s u r f a c e  pH i n  t h e  j e j u n u m  was
6 . 1 8 + 0 . 0 1 ( 8 4 )  w h i l e  a v a l u e  o f  7 . 0 0 + 0 . 0 5 ( 5 )  was  m e a s u r e d  i n  t h e  
i l e u m .  E . c o l i  STa e n t e r o t o x i n  i n d u c e d  a r a p i d  and r e v e r s i b l e
a l k a l i n i s a t i o n  o f  b o t h  j e j u n a l  and i l e a l  m u c o s a e  t o  v a l u e s  o f  
6 . 9 1 + 0 . 0 8 ( 1 0 )  an d  7 . 6 7 ± 0 . 0 6 ( 5 )  r e s p e c t i v e l y .  The s y n t h e t i c  ST 
a n a l o g u e ,  S T h ( 6 - 1 9 ) ,  and 8 -bro mo cGMP had s i m i l a r  e f f e c t s  t o  STa  
o n  j e j u n a l  m u c o s a l  s u r f a c e  pH w h i l e  t h e o p h y l l i n e  m a i n t a i n e d  t h e  
S T a - e l e v a t e d  j e j u n a l  s u r f a c e  pH a f t e r  t o x i n  r e m o v a l .  T h e s e
f i n d i n g s  s u g g e s t  t h a t  cGMP i s  t h e  l i k e l y  m e d i a t o r  o f  S T a - i n d u c e d
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F i g u r e  3*23 E f f e c t  o f  S ta p hy lo co ccu s  aureus  d t o x i n  on
m u c o s a l  s u r f a c e  pH o f  r a t  p r o x i m a l  j e j u n u m  i n  v i v o . V a l u e s  a r e  - 
+
g i v e n  a s  mean -  S . E . M .  f o r  t h r e e  e x p e r i m e n t s ,  o n e  o b s e r v a t i o n  p e r  
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su rfa ce  a l k a l i n i s a t i o n . 8-bromo cAMP, fo rsk o lin  and cholera  toxin  
had conside rab ly  l e s s e r  e f fe c t s  on je ju n a l  surface  pH, although 
combining fo rsk o l in  and cholera tox in  with theophylline  re su l te d  
in  s i g n i f i c a n t  a lk a l in i s a t io n  of the je ju n a l mucosa. Theophylline 
a lone  and .S ..aureus d toxin  had no e f f e c t  on je ju n a l  surface  pH. 
These r e s u l t s  in d ic a te  th a t  cAMP-dependent sec re to ry  processes 
a re  le s s  capable of inducing surface pH changes than those 
dependent on cGMP.
3.3 MEASUREMENT OF pH PROFILE OF INTESTINAL VILLI 
The ex is ten ce  of a pH g rad ien t along the v i l lu s - c ry p t  ax is  of r a t  
j e ju n a l  v i l l i  in v i t r o  has been demonstrated using antimony 
m icroe lec trodes  (Daniel e t  a l . ,  1985). Detection of g rad ien ts
p re sen ts  the  p o s s ib i l i ty  of lo c a l is in g  the mucosal surface  
a l k a l i n i s a t i o n  measured a f t e r  STa challenge to  a sp ec if ic  v i l l u s  
r e g io n .  Unlike the previous study of Daniel and co-workers, the  
p re s e n t  in v e s t ig a t io n  used pH-sensitive l iqu id  ion exchange (LIX) 
m ic ro e le c t ro d e s .
(a) E ffe c t  of E .c o l i  STa enterotoxin  on je ju n a l v i l l u s  pH p ro f i le  
When the  t ip  of a pH microelectrode was placed a t  the base of a 
je ju n a l  v i l l u s  and then withdrawn in 50um s teps  to  the v i l l u s  
t i p ,  pH could be determined a t  d is c re te  poin ts  along the v i l l u s .  
From t r a c e s  from elec trode  experiments (Figure 3 .24), surface pH 
could be ca lcu la ted  to  provide a d is t r ib u t io n  p ro f i le  (Figure 
3.25) fo r  a p a r t ic u la r  v i l l u s .  Variations in indiv idual v i l l u s  
len g th s  made i t  d i f f i c u l t  to  construct a complete mean pH p ro f i le  
fo r  an average v i l l u s .  Because of th is  the values presented a re
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th e  mean pH a t  the  v i l l u s  t i p ,  v i l l u s  base and the maximum and 
minimum pH values expressed a t  th e i r  re sp ec tiv e  p o s i t io n s
r e l a t i v e  to  the  v i l l u s  t i p .
In  th e  Jejunum (Figure 3*26), with a b u ffe r  pH of 7*40 the  mean 
pH a t  the  v i l l u s  base was 6.86+0.05(10) a t  a mean v i l l u s  leng th  
of 448+l6( 10)um. As the e lec trode  was withdrawn along the 
v i l l u s - c r y p t  a x is ,  the loca l pH rose s l i g h t ly  to  a maximum value 
of 6 .93±0.05(10) a t  a distance of 274+52(10)um below the v i l l u s  
t i p .  Beyond t h i s  there  was a sharp f a l l  in pH, reaching a minimum 
value  of 6.50+0.07(10) a t  213±27(10)um below the v i l l u s  t i p .  The 
pH then  increased up to the v i l l u s  t ip  where values of 
6 .75±0,08(10) were recorded.
These observations confirm the previous f ind ing  with antimony 
m ic roe lec trodes  (Daniel e t  a l . ,  1985) th a t  a pH g rad ien t does 
e x i s t  along the v i l l i  of the jejunum but d i f f e r s  in one important 
r e s p e c t .  In th i s  study, using LIX m icroe lec trodes , the mean pH 
measured a t  the  v i l lu s  base was 6.86+0.05(10), much lower than 
the  value of 8.15+0.25(13) measured using antimony e lec tro d e s .  A 
s im i la r  discrepancy between LIX and antimony e lec trodes  has 
r e c e n t ly  been observed in the duodenum (D anie l, unpublished 
o b se rv a t io n s ) .  I t  has been demonstrated (Tourky & Mousa, 1948; El 
Wakkad, 1950; Daniel e t  a l . ,  1985) th a t  a t  low P02 values the pH 
response of antimony m icroelectrodes dev iates  from the  normal 
response in so lu tions  with high 20^ values . Therefore, the re  i s  a 
d i s t i n c t  p o s s ib i l i t y  t h a t ,  because of the in a c c e s s ib i l i ty  of the
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c r y p t s ,  th e re  w i l l  be a low oxygen tension  in th i s  region 
(d e s p i te  a high oxygen s a tu ra t io n  in the bulk s o lu t io n ) .  This low
^he the  base of the v i l l i  would account fo r  the  
com paratively  high pH values measured by the antimony e lec trodes  
in  t h i s  reg io n .  Since the  LIX elec trodes  are  not a f fec ted  by the
^ 2  so lu t io n ,  the values presented here are  probably
c lo s e r  to  th e  t ru e  pH values in the lower v i l l u s  reg io n s .
The low est pH values measured in v i t ro  were higher than the  in  
vivo mucosal surface  pH values measured using the  la rg e r  su rface  
e l e c t r o d e .  However, i t  should be noted th a t  the  in v i t r o  
incubation  medium did not contain glucose. I t  has been shown 
(Lucas & B la i r ,  1978; Daniel & Rehner, 1986) th a t  a low je ju n a l  
s u r fa c e  pH in  v i t r o  is  highly dependent on the presence of 
m e tabo lisab le  sugars . I t  appears th a t  th is  is  not important in  
v ivo  (Lucas, 1983), presumably because of glucose a v a i l a b i l i t y  
from the  b lood. Therefore, in  the present study, had glucose been 
p resen t in  the  incubation medium the pH values a t ta in e d  would 
probably  have been more comparable with the presented in  vivo 
d a ta .
A f te r  exposure to  E. c o l i  STa enterotoxin  (l4ug/ml) (Figure 3*26), 
the  lo c a l  pH values measured along the je junal v i l lu s - c r y p t  ax is  
were a l l  h igher than those measured in unchallenged t i s s u e .  The 
reg io n  which had previously  demonstrated the lowest pH (100-200um 
below the  v i l l u s  t ip )  underwent the most prominent 
a l k a l i n i s a t i o n ,  r i s in g  s ig n i f ic a n t ly  (P<0.001) to  7.01+0.05(9).
-  77 -
F i g u r e  3 - 2 6  E f f e c t  o f  E . c o l i  STa t o x i n  on r a t  j e j u n a l  v i l l u s
pH p r o f i l e  i n  v i t r o . pH a t  v i l l u s  t i p ,  v i l l u s  b a s e ,  maximum and
minimum pH v a l u e s  a r e  p r e s e n t e d  a t  r e s p e c t i v e  p o s i t i o n s  b e l o w  t h e
v i l l u s  t i p  i n  c o n t r o l  (— •  — ) and STa t r e a t e d  (  O  ) t i s s u e .
+
V a l u e s  r e p r e s e n t  mean -  S .E . M .  f o r  10 ( c o n t r o l )  and  9 ( t o x i n )  
e x p e r i m e n t s ,  o n e  o b s e r v a t i o n  p e r  j e j u n u m  (*  = P < 0 . 0 1 ;  ** = P< 0 . 0 0  
c o m p a r e d  w i t h  r e s p e c t i v e  c o n t r o l  v a l u e ) .
Jejunum
7 . 2 - 1 • r  t  •
7 . 0  -
PH
6 . 8 -




C o nt r o l
HH
- 5 0 0  - 5 0 0  - 3 0 0  - 2 0 0  - 1 0 0  - 0
D i s t a n c e  f rom v i l l u s  t i p  (um)
The maximim pH value a t ta in ed  was 7 . 2 3 ± 0 . 0 3 ( 9 )  in th e  reg ion  ju s t  
above the  v i l l u s  base where the pH was 7.21+0.02(9). Both of 
th e se  va lues were s ig n i f ic a n t ly  (P<0.001) increased over the re  
r e s p e c t iv e  c o n tro l  va lu es .  A dditionally , th e  reg ions of maximum 
and minimum a c id i ty  were shown to  be more (PC0.05) s p a t i a l l y  
sep a ra ted  a f t e r  STa challenge , 257±40(9)um compared to  6Q+79um in 
c o n t ro l  t i s s u e .
Thus, i t  would appear th a t  STa induced surface a lk a l i n i s a t i o n  in 
the  jejunum can be lo ca l ised  to  the region 100-200um below the 
v i l l u s  t i p  -  th e  reg ion  demonstrating the  the  g r e a te s t  a c id i ty  in  
unchallenged t i s s u e .  This would suggest th a t  STa a c ts  by 
i n h ib i t i n g  th e  normal a c id i f i c a t io n  process in th i s  reg ion , which 
could be e i th e r  hydrogen ion secre tion  or b icarbonate anion 
a b so rp t io n .  I t  i s  u n lik e ly  th a t  the  e f fe c t  can be a t t r ib u te d  to  
an e leva ted  OH- and/or HCO^ - sec re t io n  emanating from the  c ry p ts ,  
s ince  one would expect to  f in d  a considerably higher pH in  t h i s  
re g io n  i f  t h i s  were the  case .
(b) E f fe c t  o f  E .c o l i  STa en tero tox in  on i l e a l  pH p ro f i le  
S im ila r  experiments to  those described in the previous sec tion  
were executed on r a t  d i s t a l  Ileum giving s im ila r  p r o f i l e s  (F igure 
3.27) f o r  i l e a l  v i l l i  in  v i t r o .
Using th e  same form of data  p resen ta tion  as th a t  described fo r  
the  jejunum, the  mean pH p ro f i le  fo r  an average I l e a l  v i l l u s  was 
c a lc u la te d  (F igure  3 .28).  The mean pH a t  the v i l l u s  base was 
7.16+0.03(6) a t  a mean v i l lu s  length of 316+I|6um. Withdrawing the
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Figure 3-27 Representative pH profile of ileal villus measured
b y  LIX pH m i c r o e l e e t r o d e  in r a t  i n t e s t i n e  i n  v i t r o  ( s e e  t e x t  f o r  
d e t a i l s ) .
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e le c t r o d e ,  the  pH rose  s l ig h t ly  to  a maximum value of 
7 .20+ 0 .03 (6 ) ,  188+29(6) um below the v i l l u s  t i p ,  before f a l l i n g
t o  7 .11+0.04(6) (118+33(6) um below the  v i l l u s  t i p ) .  The mean 
v i l l u s  t i p  pH was 7.14+0.03(6).
T h e re fo re ,  un like  the  jejunum, th e re  was no s t r ik in g  pH g ra d ie n t  
observed along i l e a l  v i l l i ,  the  pH remaining r e l a t i v e ly  cons tan t 
between the  v i l l u s  base and the t i p .  The values measured were 
o n ly  s l i g h t l y  h igher than those measured in the ileum in  v iv o . 
again  p o ss ib ly  due to  the lack of glucose in  the incubation 
medium.
S im ila r  to  the  jejunum, E .c o l i  STa enterotoxin  (Figure 3 .2 8 ) ,  
e lev a te d  pH a t  a l l  regions along the i l e a l  v i l lu s - c ry p t  a x i s .  As 
in  th e  unchallenged ileum, no s t r ik in g  v i l lu s -c ry p t  pH g rad ien t 
was observed, the  pH ranging from 7.28+0.05(7) to  7 .37±0 .06(7), 
both  of which were s ig n if ic a n t ly  (P<0.05) higher than the  
r e s p e c t iv e  minimum and maximum pH values measured in  the  con tro l  
ileum . The pH a t  the v i l l u s  t i p  and base (7.32+0.05(7) and 
7 .33±0 .06(7 )) were a lso  s ig n if ic a n t ly  (P<0.02 and P<0.05) h igher 
than  those measured in  unchallenged t i s s u e .  The values a t ta in e d  
a f t e r  to x in  challenge were lower than those measured in  vivo bu t 
t h i s  was p o s s ib ly  due to  the rapid  wash-out of tox in  when the  
t i s s u e  was added to  the  perfusion  chamber.
F i g u r e  3 - 2 8  E f f e c t  o f  E . c o l i  STa t o x i n  on r a t  i l e a l  v i l l u s
pH p r o f i l e  i n  v i t r o . D e t a i l s  a s  f o r  F i g u r e  3 - 2 6 .  V a l u e s  r e p r e s e n t
mean -  S . E . M .  f o r  6 ( c o n t r o l  [-----# — ] )  and 7 ( t o x i n  [•••• O-----])
e x p e r i m e n t s ,  o n e  o b s e r v a t i o n  p e r  i l e u m  (*  = P< 0 . 0 5 :  **  = P< 0 . 0 2  




7 , 2 -
Toxin
C o n t r o l
7.0 - 1
-TOO-400 . "500 ' * 200
- Di s t anc e  from v i l l u s  t i c  (um)
Because of the  lack  of any t ru ly  d isce rn ib le  pH g rad ien t  along 
the  i l e a l  v i l l i ,  i t  i s  not r e a l ly  possib le  to  make any 
j u s t i f i a b l e  s tatem ents  about the mechanism of STa-induced
a l k a l i n i s a t i o n  in t h i s  t i s s u e .  However the r e l a t i v e ly  low pH 
measured a t  the  v i l l u s  base would make i t  u n lik e ly  t h a t  c ryp t 
b ica rb o n a te  se c re t io n  has been s tim ula ted . Perhaps a more l ik e ly  
e x p lan a t io n  would be th a t  STa s p e c i f ic a l ly  in h ib i t s  an
a c i d i f i c a t i o n  process in the ileum and, in so doing, merely
unmasks an ongoing bicarbonate sec re t io n  which continues 
u n a ffec ted  by STa. This is  a s im ila r  mechanism to  th a t  proposed 
f o r  th e  jejunum in  the previous sec tion .
Summary o f  v i l l u s  pH p r o f i l e  experim en ts
A pH g r a d ie n t  was d e te c te d  a long  j e ju n a l  b u t  n o t i l e a l  v i l l i .  In  
t h e  je ju n u m  th e  lo w e s t pH v a lu e s  a t ta in e d  were lo c a te d  in  th e  
r e g io n  100-200um below th e  v i l l u s  t i p .  Exposure to  E .c o l i  STa 
e n te r o to x i n  r e s u l t e d  in  s ig n i f i c a n t  e le v a t io n  o f a l l  lo c a l  pH 
v a lues  m easured a long  th e  v i l l u s - c r y p t  a x is  o f b o th  j e ju n a l  and 
i l e a l  v i l l i .  In  th e  je junum , th e  r e g io n  most a f f e c te d  was th e  
r e g io n  w hich had p re v io u s ly  d em onstra ted  th e  m ost a c id  v a lu e s .  
The r e s u l t s  s u g g e s t  t h a t  STa—induced a l k a l i n i s a t i o n  in  b o th  
jejunum and ileum  may be due t o  STa-inhibition of a n o rm a lly
occurring a o id i f iea tion  p ro c e s s , unm asking an  ongoing b ic a rb o n a te  
s e c r e t i o n  in  th e  ileu m .
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3 .4  DRUG ABSORPTION EXPERIMENTS
R egard less  o f  mechanism, exposure to E .c o l i  STa en tero tox in  
r e s u l t s  in  a considerable  a lk a l in isa t io n  of the mucosal surface  
o f  bo th  jejunum and ileum in vivo and in v i t r o . In the jejunum, 
t h i s  pH s h i f t  amounts to  almost one pH u n i t  • This property  of STa 
make i t  a p o t e n t i a l l y  powerful too l with which to  in v e s t ig a te  the  
m icroc lim ate  hypothesis (Figure 3.29) fo r  weak e le c t r o ly te  
a b so rp t io n  (Hogben e t  a l . ,  1959). This implies th a t  the r a t e  a t  
which weakly d isso c iab le  compounds are absorbed i s  determined 
p r im a r i ly  by th e  pH prevailing  a t  the mucosal su r fa ce .  Under 
normal co n d it io n s  in the jejunum the mucosal surface  pH i s  
a c id i c ;  th e r e f o r e ,  weakly acid ic  compounds w il l  have t h e i r  
a b so rp t io n  promoted s ince , a t  th is  low pH, these compounds w i l l  
be p resen ted  la rg e ly  in the  unionised form (the form in which 
d i s s o c ia b le  compounds traverse  l ip id  membranes). Conversely, weak 
base ab so rp tio n  w i l l  be impeded.
I f  th e  m icroclim ate hypothesis does apply, then a l te r in g  the  
mucosal su r fa c e  pH should also  a l t e r  the r a te  of weak e le c t ro ly te  
a b s o rp t io n .  Since the  present r e s u l t s  ind ica te  th a t  E .c o l i  STa 
to x in  causes an e levation  of mucosal surface pH, one would 
e x p e c t ,  from the  microclimate hypothesis (Figure 3*29), th a t  weak 
a c id s  would be malabsorbed while weak bases should have t h e i r  
a b so rp t io n  enhanced. This p red ic tion , fo r  weak ac id s ,  may be 
deemed no t very remarkable, s ince , in the presence of 
e n te r o to x in ,  the  in te s t in e  is  in a secretory  s t a t e .  Therefore, 
weak ac id  malabsorption could be explained in terms of so lven t
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F i g u r e  3-29 The m i c r o c l i m a t e  h y p o t h e s i s
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(b) Af ter  exposure to E . c o l i  STa toxin
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drag e f f e c t s .  However, i t  would be d i f f i c u l t  to  explain increased 
weak base absorp tion  under these  co n d it io n s ,  w ithout recourse to  
the  mucosal su rface  pH.
Consequently, in  an attempt to  add experimental support to  the  
m icroclim ate  hypothesis, the following s e r ie s  of experiments 
in v e s t ig a te d  the e f f e c t s  of E .c o l i  STa toxin  on the  absorp tion  of 
a v a r ie ty  of weakly d is so c iab le  drugs from the  r a t  jejunum in  
v iv o . A ll experiments were confined to  the  jejunum to  s im plify  
in t e r p r e t a t i o n  of the  r e s u l t s .
(a) E f fe c t  of E .c o l i  STa toxin on s a l i c y l i c  acid absorp tion  
S a l ic y l ic  acid was dissolved in  15ml of K rebs-bicarbonate b u ffe r  
to  give a drug concen tra tion  of 1mmol/litre. When t h i s  so lu t io n  
was r e c i rc u la te d  through in vivo loops of proximal jejunum, 
8.65+0.92(8) umoles of drug were absorbed over the th ree  hour 
pe rfu s io n  p e r io d .  This amounted to  approximately 58# of the  t o t a l  
adm inistered  dose. The l in e  of best f i t  fo r pe rfu sa te  drug 
amounts a g a in s t  time was obtained and, s tan d a rd is in g  fo r  an 
i n t e s t i n a l  loop of 100mg dry weight, the mean r a t e  of absorp tion  
( r a t e  of luminal disappearance) (Figure 3-30) was 
33.02+3.41(8)nmol/min/100mg dry weight.
Inco rpo ra ting  E .c o l i  STa en tero tcx in  in to  the  p e rfu sa te  
s ig n i f i c a n t ly  (P<0.02) reduced s a l i c y l i c  acid absorp tion  (Figure 
3.30) by approximately 39$ to  values of 20.17±3.40(7) 
nmol/min/100mg dry weight.
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This reduced drug a b s o rp t io n  in  th e  th e  presence of STa was 
confirm ed by a s i g n i f i c a n t  ( P<0.01) r e d u c t io n  in  th e  mean 
p e r ip h e r a l  blood drug c o n c e n t r a t io n  from 9 9 .8 + 9 .0 (8 )  nmol/1 under 
c o n t r o l  c o n d i t io n s  t o  5 8 .0 + 7 .0 (7 )  nmol/1 a f t e r  e n te r o to x in  
c h a l l e n g e .  This reduced appearance  o f  drug in  th e  p e r ip h e r a l  
blood became s i g n i f i c a n t  (P<0.02) a f t e r  105 m inutes  o f  p e r fu s io n  
(F ig u re  3 .31) and remained s i g n i f i c a n t l y  low er f o r  th e  rem ainder 
o f  th e  t h r e e  hour p e r f u s io n .
In  th e  same e x p e r im en ts ,  exposure  to  E . c o l i  STa to x in  a l s o  
s i g n i f i c a n t l y  (P<0.02) reduced  a n e t  f l u i d  a b s o r p t io n  (F igure  
3 .32) in  c o n t r o l  loops  o f  10 .99± 1 .93(8 ) ul/min/100mg dry  w eight 
t o  v a lu es  o f  1 .41+2.68(7) ul/min/100mg d ry  w e ig h t .  The l a t t e r  
f i g u r e  was n o t s i g n i f i c a n t l y  d i f f e r e n t  from zero  n e t  f l u i d  
movement.
STa c h a l le n g e  a l s o  s i g n i f i c a n t l y  (P<0.001) r e v e rse d  an a p p a re n t  
n e t  s e c r e t i o n  of hydrogen ions  i n t o  th e  I n t e s t i n a l  lumen (F ig u re  
3*33) o f  0 .54+ 0 .08 (8 )  u e q u iv . /m in /1  OOmg d ry  weight t o  a 
s i g n i f i c a n t  (P<0.001) a p p a re n t  hydrogen ion  a b s o r p t io n  
(b ic a rb o n a te  an ion  s e c r e t i o n )  o f  0 .54+0.12  uequiv./min/100mg d ry  
w e ig h t •
Thus, w h i l s t  induc ing  th e  expec ted  i n h i b i t i o n  o f  f l u i d  a b s o r p t io n  
and r e v e r s i n g  lum ina l a c i d i f i c a t i o n  to  a l k a l i n i s a t i o n ,  E .c o l i  STa 
to x in  caused a reduced  j e ju n a l  a b so rp t io n  of s a l i c y l i c  a c id .  This 
reduced a b s o r p t io n  was confirm ed by a s i m i l a r l y  reduced 
appearance  o f  drug in  th e  p e r ip h e r a l  b lo o d , im plying t h a t  t o t a l
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F i g u r e  3 -3 0 E f f e c t  o f  E . c o l i  STa^toxin on s a l i c y l i c  a c i d
ab so rp tio n  from perfused loops of r a t  .jejunum. Values are given 
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F i g u r e  3 - 3 1  S a l i c y l i c  a c i d  c o n c e n t r a t i o n  i n  p e r i p h e r a l  b l o o d
a f t e r  j e j u n a l  e x p o s u r e  t o  E . c o l i  STa t o x i n .  V a l u e s  a r e  g i v e n  a s  
mean -  S . E . M .  f o r  number o f  e x p e r i m e n t s  in  p a r e n t h e s e s ,  o n e  
o b s e r v - a t i o n  p e r  a n i m a l  a t  s p e c i f i e d  t i m e s .  ( *  = P< 0.02;














































F i g u r e  3 - 3 2  E f f e c t  o f  E . c o l i  STa t o x i n  on f l u i d  t r a n s p o r t
p e r f u s e d  l o o p s  o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  s a l i c y l i c  a c i d  

























Figure 3-33 Effect of E .c o l i  STa toxin on luminal acid-base
balance in perfused loops of r a t  proximal jejunum during s a l i c y l i c  




t r a n s f e r  and no t on ly  c e l l u l a r  uptake of the drug i s  a f fe c ted  by 
e n te ro to x in  cha llenge .
In a d d i t io n  to  the  em pirical analys is  of d a ta  presented above, 
the  mean luminal drug concen tra tion  data were analysed in  terms 
of th e  ab so rp tio n  models previously  described . Rate co n s tan ts  and 
p r o p o r t io n a l i ty  constan ts  were estimated fo r a f i r s t  o rder (two 
param eter) model and a second order (four parameter) model. In 
a d d i t io n  c o r r e la t io n  c o e f f ic ie n ts  were ca lcu la ted  as an index of 
how w ell each model described the d a ta .  This treatm ent of the  
d a ta  was compared with more empirical treatm ent of the data by 
l i n e a r  re g re ss io n  a n a ly s is .
The abso rp tion  r a t e  constan ts  obtained fo r  the  f i r s t  o rder model 
(Table 3.1) confirmed the  f ind ing  th a t  STa reduced s a l i c y l ic  acid 
a b so rp t io n .  The absorp tion  r a te  constan t fo r  STa tre a ted  loops , 
2.88x10“  ^ min“ \  was s ig n i f ic a n t ly  (P<0.001) lower than th a t  
es tim ated  fo r  co n tro l  experiments, 4.08x10 J min The pred ic ted  
f i r s t  o rder exponential curve for both con tro l  and to x in  
experiments i s  shown in Figure 3.34.
Comparing the  c o r re la t io n  c o e f f ic ie n ts  ca lcu la ted  fo r  the f i r s t  
and second o rder exponential models (Table 3*1) i t  i s  evident 
th a t  the  second order model provided a b e t te r  f i t  fo r  the data  
from both  co n tro l  and toxin experiments (the  predic ted  b e s t  f i t  
second o rder exponential curve for both con tro l  and tox in  
experiments i s  shown in Figure 3 .35). This implies th a t  s a l i c y l i c  
acid  absorp tion  from the jejunum does not follow the expected
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F i g u r e  3 *3^  L e a s t  s q u a r e s  b e s t  f i t  f i r s t  o r d e r  e x p o n e n t i a l
c u r v e s  f o r  c h a n g e  in  l u m i n a l  s a l i c y l i c  a c i d  c o n c e n t r a t i o n  w i t h  
t i m e  i n  c o n t r o l  ( #  ) and t o x i n  (— o — ) t r e a t e d  l o o p s .  V a l u e s
a r e  g i v e n  a s  mean -  S . E . M .  f o r  8 ( c o n t r o l )  and 7 ( t o x i n )  e x p e r i m e n t s ,  
o n e  o b s e r v a t i o n  p e r  a n i m a l  a t  s p e c i f i e d  t i m e s .
S al i cy l i c  acid
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Pig 3-35 Least squares best f i t  second order exponential
curves fo r  change in luminal s a l i c y l i c  acid concentration with 
t in e  in co n tro l  ( _ * _ )  and toxin ( - - 0 - - )  t re a te d  loops. D e ta ils
a s  f o r  F i g u r e  3 - 3 4 .
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f i r s t  o rder  exponential p a t te rn  co n s is ten t  with d if fu s io n  across 
a s in g le  b a r r i e r .  The preferred  second order f i t  i s  more 
c o n s i s te n t  w ith the  exchange compartment model. When th i s  model 
i s  solved i t  i s  not possib le  to  e x tra c t  the  th ree  r a t e  constan ts  
on t h e i r  own, without ad d itiona l information on the concen tra tion  
changes in  e i t h e r  the  t i s su e  or the in term edia te  compartmment. 
However, the  r a t i o  k ^ /k ^ - j  can be c a lc u la te d .  This r a t i o ,  as  can 
be seen from the  diagramatic rep resen ta t io n  of th i s  model (Figure 
2 .1 3 ) ,  compares the r a te  constan t fo r  drug t r a n s f e r  across  the  
c e l l  membrane ^ 2 3 ) with d i f fu s io n  out of the  exchange 
compartment ^ 2 1 ) • This r a t io  was reduced from 0.471 in  con tro l 
experiments to  0.184 a f t e r  STa challenge. This i s  again 
c o n s i s te n t  w ith  STa reducing s a l i c y l ic  acid absorp tion .
( b ) E ffe c t  of E .c o l i  STa tox in  on phenvtoin absorption 
When 15ml of Krebs-bicarbonate buffer  containing 1mmol/l of 
phenytoin was perfused through in vivo loops of proximal jejunum 
th e re  was considerable  absorption  of drug from the  i n t e s t i n a l  
lumen. The r a t e  of luminal disappearance of drug (Figure 3.36) in  
c o n tro l  loops was 21.48+2.74(7) nmol/min/1 OOmg dry weight. Thus 
approxim ately  2.6% of the i n i t i a l  15umol dose was absorbed over 
the  th re e  hour perfusion  p e r io d . Challenge of the je juna l mucosa 
w ith  E .c o l i  STa toxin  re su lted  in  a reduced phenytoin absorp tion  
(F igure  3.36) to  values of 16.27±1.03(7) nmol/min/1 OOmg dry 
w e igh t,  which was not s ig n i f ic a n t ly  d i f f e r e n t  from the  con tro l 
ab so rp t io n  r a t e .  There was a s ig n i f ic a n t  (P<0.05) reduc tion  in 





























F i g u r e  3 * 3 6  E f f e c t  o f  E . c o l i  STa t o x i n  on p h e n y t o i n  a b s o r p t i o n
f r o m  p e r f u s e d  l o o p s  o f  r a t  j e j u n u m .  D e t a i l s  a s  f o r  F i g u r e  3*30*
Control Toxin
c h a l len g e .  The value of 16.14^1.79(7) nmol/1 measured in co n tro l  
experim ents was reduced to  11.60+0.89(7) nmol/1 in  the  presence 
of STa. An in spec tion  of the mean blood drug concen tra tions  a t  
each sample time (Figure 3.37) shows th a t  the re  was a s ig n i f i c a n t  
(P<0.0 5) d if fe ren ce  between con tro l and tox in  treatm ent a f t e r  45 
minutes of p e rfu s io n .
E .c o l i  to x in  s ig n i f ic a n t ly  (P<0.001) enhanced a ne t f lu id  
s e c r e t io n  (F igure  3-38) of 9.24+0.87(7) ul/min/1OOmg dry weight 
in  c o n tro l  loops to  values of 22.01+3.81(7) ul/min/1 OOmg dry 
w eigh t. I t  i s  unclear why phenytoin should have induced 
i n t e s t i n a l  s e c re t io n  in these experiments. However, whatever 
mechanism of drug ac tion  was responsible  a lso produced a massive 
(PC0.001) in c rease  in f lu id  sec re t io n  in the presence of STa 
compared to  STa treatm ent in the absence of phenytoin. STa a lso  
reversed  (P<0.001) a c id i f i c a t io n  in to  the i n t e s t i n a l  lumen 
(F igure  3.39) of 0.46+0.09(7) uequiv./min/1OOmg dry weight to  
a l k a l i n i s a t i o n  of 0.15±0.04(7) uequiv./min/1 OOmg dry weight.
Thus, as w ith  s a l i c y l i c  ac id , phenytoin absorp tion  from the  
jejunum was reduced a f t e r  STa challenge. This reduced absorp tion  
was confirmed by s ig n i f ic a n t ly  lower p e r iphera l blood drug 
l e v e l s ,  in d ic a t in g  th a t  STa a ffec ted  the overa ll  t r a n s fe r  of the  
d ru g .
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F i g u r e  3-37 P h e n y t o i n  c o n c e n t r a t i o n  in p e r i p h e r a l  b l o o d  a f t e r
j e j u n a l  e x p o s u r e  t o  E . c o l i  STa t o x i n .  D e t a i l s  a s  f o r  F i g u r e




































F ig u r e  3*39 E f f e c t  o f  E . c o l i  STa t o x i n  on lum inal  ac id - b a s e
b a l a n c e  i n  p e r f u s e d  l o o p s  o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  p h e n y t o i n  








The mean luminal drug concentra tion  data from co n tro l  and 
en te ro to x in  t re a ted  loops were a lso  analysed by n o n - l in ea r  
r e g r e s s io n .  As can be seen from the c o r re la t io n  c o e f f ic ie n ts  
(Table 3*2) the  f i r s t  order exponential model provided the  b e s t  
f i t  f o r  the  phenytoin d a ta .  Second order model f i t t i n g  d e fa u l ts  
to  th e  sim pler f i r s t  order model c o e f f ic ie n ts  and g rap h ica l  
a n a ly s is  a lso  f a i l e d  to  show a second component to  the  curve 
(F igure  3 .40 ) .  Unlike the more empirical da ta  a n a ly s is ,  th e  f i r s t  
o rd e r  absorp tion  r a te  constant estimated fo r  STa challenge 
experiments of 2.98x10“-^ m in ~ \ was s ig n i f ic a n t ly  (P<0.001) lower 
than the  value of 5.25x10“  ^ min- ”' ca lcu la ted  fo r  con tro l  
experim ents. This i s  confirmation th a t  STa reduces phenytoin 
a b so rp t io n  from the jejunum.
(c) E ffec t  of E .c o l i  STa toxin on amphetamine absorp tion  
Amphetamine was dissolved in 15ml of Krebs-bicarbonate b u f fe r  to  
give a drug concentration  of 1mmol/l. Perfusing th i s  so lu t io n  
through loops of r a t  proximal jejunum in vivo re su l te d  in  
amphetamine being absorbed from the i n te s t in a l  lumen. From the 
lum inal drug data  the ra te  of luminal disappearance (Figure 3-41) 
was c a lcu la ted  to  be 4.98±0.41(6) nmol/min/1 OOmg dry w eight. This 
value  was considerably  lower than those measured fo r  s a l i c y l i c  
ac id  o r  phenytoin. In separate  experiments, when E._c.o l i  STa tox in  
was incorporated in to  the p e r fu s a te , amphetamine absorption  was 
s i g n i f i c a n t ly  (P<0.01) enhanced to  values of 9.68+1.02(6) 
nmol/min/1 OOmg dry weight, representing  an increase  of
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T a ble  3 -2
Model Parameters Control Toxin S ig .
A (mlvl) 0.963 0 .995
C ( t )  = A  -  Bt 5 ( pM/min) 3.41 2 .34 *
X 0 .993 0.998
A (mM) 1.009 1.012 .
C ( t )  = Ae"kt k (xlO  ^ min 5.23 2.98 *•
r 0.999 0.998
E s t i m a t e d  p a r a m e t e r s  f o r  z e r o  and f i r s t  o r d e r  p h a r m a c o k i n e t i c  
m o d e l s  f o r  p h e n y t o i n  l u m i n a l  c o n c e n t r a t i o n  d a t a .  C o r r e l a t i o n  
c o e f f i c i e n t s  ( r )  a r e  p r e s e n t e d  a s  an i n d e x  o f  t h e  d e g r e e  o f  f i t  
o f  e a c h  m o d e l  t o  t h e  d a t a  (*  = P <  0 . 0 0 1  compa re d  w i t h  c o n t r o l ) .
F ig u r e  3 . 4 0  Leas t  squares  bes t  f i t  f i r s t  order e x p o n e n t i a l
c u r v e s  f o r  c h a n g e  in  l u m i n a l  p h e n y t o i n  c o n c e n t r a t i o n  w i t h  t i m e  in
c o n t r o l  (— # -----) and t o x i n  (— O — ) t r e a t e d  l o o p s .  V a l u e s  a r e
+
g i v e n  a s  mean -  S . E . M .  f o r  7 ( c o n t r o l  and t o x i n )  e x p e r i m e n t s ,  one  
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approxim ately  94$ over con tro l values.
This e leva ted  amphetamine absorption was confirmed by a
s i g n i f i c a n t  (P<0.02) increase  in the  mean periphera l blood drug 
c o n cen tra t io n s  a f t e r  tox in  challenge, the lev e ls  r i s i n g  from
4.83+0.73(6) nmol/1 in control experiments to  7.47+0.44 nmol/1 
a f t e r  exposure to  STa. From the  blood drug concentra tion  p ro f i le  
(F igure  3.^2) i t  can be seen th a t  the blood le v e ls  became
s i g n i f i c a n t l y  (P<0.02) higher in STa experiments a f t e r  105 
m inutes of p e rfus ion .
In the  same experiments STa s ig n i f ic a n t ly  (PC0.001) enhanced a 
modest n e t  f lu id  sec re t io n  (Figure 3.43) of 2.35±0.91(6) 
ul/min/100mg dry weight to  a secre tion  of 25.95±3.19(6) 
ul/min/1 OOmg dry weight. This was a s im ila r r e s u l t  to  th a t  
achieved w ith  phenytoin.
STa exposure a lso  s ig n i f ic a n t ly  (P<0.001) reversed an apparent 
n e t  s e c re t io n  of hydrogen ions (Figure 3.44) in to  the je ju n a l
lumen of 0.46+0.0 5 uequiv. /min/1 OOmg dry weight to  an 
i n s i g n i f i c a n t  a lk a l in i s a t io n  of 0.04+0.03 uequiv./min/1 OOmg dry 
w e ig h t .
T herefo re , un like  s a l i c y l ic  acid and phenytoin, amphetamine 
ab so rp tio n  from the jejunum was enhanced by STa, a f ind ing  which 
was confirmed by s im ila r ly  elevated peripheral blood drug 
co n cen tra t io n s  a f t e r  tox in . This increase in absorption was 
d e s p i t e  unfavourable f lu id  movement.
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F i g u r e  3*^2  A m p he ta m in e  c o n c e n t r a t i o n  in  p e r i p h e r a l  b l o o d
a f t e r  j e j u n a l  e x p o s u r e  t o  E . c o l i  STa t o x i n .  D e t a i l s  a s  f o r  
F i g u r e  3 - 3 1  ( *  = P< 0 . 0 2 ;  **  = P<  0 . 0 1 ;  ** *  = p< 0 . 0 0 1  co m p are d  













































F i g u r e  3 - ^ 3  E f f e c t  o f  E . c o l i  STa t o x i n  on f l u i d  t r a n s p o r t  in
p e r f u s e d  l o o p s  o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  a m p h e t a m i n e  

























F i g u r e  3 * ^  E f f e c t  o f  E . c o l i  STa t o x i n  on l u m i n a l  a c i d - b a s e
b a l a n c e  i n  p e r f u s e d  l o o p s  o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  a m p h e t a m i n e  
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Control
This f in d in g  was fu r th e r  strengthened when the  mean luminal drug 
c o n ce n tra t io n s  were analysed by n o n - l in ea r  re g re s s io n .  As can be 
seen from the  c o r r e la t io n  c o e f f ic ie n ts  (Table 3*3)> a f i r s t  o rder 
exponentia l model did not provide a b e t t e r  f i t  to  the data  than 
th e  more em pirica l zero o rder curve. However, the  f i r s t  o rder 
model (Figure 3*45) absorption r a te  constant estim ated fo r  the  
to x in  experiments (Table 3 -3 ) ,  1.49x10~3 min"1, was s ig n i f i c a n t ly  
(P<0.001) h igher  than the value of 0.95x10“3 min“ 1 estim ated f o r  
c o n tro l  experim ents. As with phenytoin a second order exponential
curve could not be f i t t e d  to  the  amphetamine d a ta .
(d) E ffe c t  of E .c o l i  STa to x in  on morphine absorp tion  
When 15ml of Krebs-bicarbonate bu ffe r  contain ing  1mmol/l of
morphine was perfused through loops of r a t  proximal jejunum in 
vivo th e re  was a very small but s ig n if ic a n t  (P<0.01) absorp tion  
o f  drug from the  i n te s t in a l  lumen. Linear reg ress io n  ana lys is  
estim ated  the  r a t e  of luminal disappearance (Figure 3.46) to  be 
0.39+0.12(6) nmol/min/1 OOmg dry weight. This amounted to  
approxim ately 0.47$ of the  i n i t i a l  administered dose being 
absorbed over the  th ree  hour experimental period . This was, by
i
f a r ,  th e  lowest absorption  r a t e  measured fo r  any of the  drugs 
t e s t e d  in t h i s  s tudy . S im ilar to  amphetamine, exposure to  E.c o l i  
STa to x in  caused th i s  absorp tion  to  s ig n i f ic a n t ly  (PC0.01) 
in c re ase  (Figure 3.46) to  values of 2.84+0.60(6) nmol/min/1OOmg 
dry weight. This rep resen ts  more than a seven fo ld  increase  in 
morphine absorp tion  w ith  STa.




























F i g u r e  3-^1 E f f e c t  o f  E. c o l i  STa t o x i n  on amphetamine





T able  3 -3
Model Parameters Control Toxin Sig.
A (mM) 1.009 1.004
C ( t ) = A -  Bt B ( pM/min) 0.88 1.32 *
r 0.984 0.995
A (mM) 1.011 1.008 .
C (t)  = Ae"k t k (xlO"5 min"1 ) 0.55 1.49 *
r 0.983 0.995
E s t i m a t e d  p a r a m e t e r s  f o r  z e r o  and  f i r s t  o r d e r  p h a r m a c o k i n e t i c  
m o d e l s  f o r  a m p h e t a m i n e  l u m i n a l  c o n c e n t r a t i o n  d a t a .  C o r r e l a t i o n  
c o e f f i c i e n t s  ( r )  a r e  p r e s e n t e d  a s  an i n d e x  o f  t h e  d e g r e e  o f  f i t  
o f  e a c h  m o d e l  t o  t h e  d a t a  ( *  = P< 0 . 0 0 1  compa re d  w i t h  c o n t r o l ) .
F i g u r e  3 - ^ 5  L e a s t  s q u a r e s  b e s t  f i t  f i r s t  o r d e r  e x p o n e n t i a l
c u r v e s  f o r  c h a n g e  in  l u m i n a l  a m p h e t a m i n e  c o n c e n t r a t i o n  w i t h  t i m e  
i n  c o n t r o l  ( #  ) an d  t o x i n  (— O — ) t r e a t e d  l o o p s .  V a l u e s  a r e
g i v e n  a s  mean -  S . E . M .  f o r  6 ( c o n t r o l  and t o x i n )  e x p e r i m e n t s ,  one  
o b s e r v a t i o n  p e r  a n i m a l  a t  s p e c i f i e d  t i m e s .


















C o n t ro l  (— • — ) Y = 1 .0 1 e  
Toxin  (-■<>--) Y = 1 .Ole

































F i g u r e  3 - ^ 6  E f f e c t  o f  E . c o l i  STa t o x i n  on m o r p h i n e  a b s o r p t i o n





The mean p e r ip h e ra l  blood drug concen tra tions  was a lso  increased 
a f t e r  STa ch a llen g e ,  from 5.47±0.29(6) nmol/1 in  co n tro l  
experim ents to  values of 6.87±0.67(6) nm ol/I . This d iffe rence  was 
no t s i g n i f i c a n t .  However, an inspec tion  of the  p e r ip h e ra l blood 
drug co n ce n tra t io n  p ro f i le s  fo r  con tro l and tox in  experiments 
(F igu re  3.47) shows th a t  the re  was a s ig n i f ic a n t  (PC0.05) 
in c rease  in  blood drug concentra tion  in the  presence of to x in  
a f t e r  165 minutes of pe rfus ion .
STa ch a llenge  a lso  re su l ted  in the net f lu id  absorp tion  (F igure  
3.48) measured under con tro l conditions of 5.64+0.58(6) 
u l/m in/1  OOmg dry weight being reversed (P<0.001) to  a n e t  
s e c r e t io n  of 2.78+0.69(6) ul/min/1 OOmg dry weight.
As p re v io u s ly ,  STa caused a cessa t io n  of luminal a c id i f i c a t i o n  
(F igure  3 .4 9 ) ,  reducing (P<0.001) an apparent ne t hydrogen ion 
s e c r e t io n  in to  the  lumen of 0.56^0.05(6) uequiv/min/10Qmg dry 
weight in  c o n tro l  experiments to  values of 0.004+0.02(6) 
uequiv/min/1 OOmg dry weight, the l a t t e r  f ig u re  being no t  
s i g n i f i c a n t l y  d i f f e r e n t  zero net hydrogen ion sec re t io n .
T here fo re , morphine absorption from the proximal jejunum is  
g r e a t l y  enhanced in the  presence of E .co li  STa. This enhanced 
ab so rp tio n  occured again , desp ite  ne t f lu id  sec re t io n .
The mean luminal drug concentra tion  data was analysed by 
n o n - l in e a r  r e g re s s io n .  Because of the very small absorption  of 
morphine in  co n tro l  experiments n e ith e r  zero order nor f i r s t






















F ig u r e  3*^7 Morphine c o n c e n t r a t i o n  in p e r i p h e r a l  blood a f t e r
j e j u n a l  e x p o s u r e  t o  E . c o l i  STa t o x i n .  D e t a i l s  a s  f o r  F i g u r e  3*31  
(#  = P<  0 . 0 5  c o m p a r e d  w i t h  c o n t r o l  v a l u e ) .




























F i g u r e  3*^8 E f f e c t  o f  E. c o l i  STa t o x i n  on f l u i d  t r a n s p o r t  in
l o o p s  o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  m o r p h i n e  a b s o r p t i o n .  D e t a i l s  






























F i g u r e  3-^9 E f f e c t  o f  E . c o l i  STa t o x i n  on lum inal  a c i d - b a s e
balance in perfused  loops of r a t  proximal jejunum during morphine 




o rd e r  curves provided a p a r t i c u la r ly  good f i t  fo r  the  d a ta ,  as 
seen by the  very low c o r re la t io n  c o e f f ic ie n ts  (Table 3 .4 ) .  A fter 
STa cha llenge  the  degree of f i t  fo r  both of these  models improved 
c o n s id e ra b ly  (Table 3»4), although as with amphetamine the  f i r s t  
o rd e r  model did no t provide an appreciably  b e t t e r  f i t  than the  
s im pler zero o rder  model. However, the estim ated f i r s t  o rder 
model (F igure  3*50) absorp tion  r a te  constan ts  confirmed the  
f in d in g  t h a t  STa enhances the  je juna l absorption  of morphine. The 
va lue  obtained fo r  toxin experiments, 4.50x10”  ^ min- ”*, was
s i g n i f i c a n t l y  (PC0.001) higher than the value of 4.20x10”  ^ min“ 1 
e s tim ated  from con tro l experiments. A second order model 
r e g re s s io n  f i t t e d  to  the  da ta  defaulted  to  a f i r s t  o rder model.
(e )  E f fe c t  of E .c o l i  STa tox in  on lignocaine absorption  
Lignocaine was d isso lved  in  15ml of Krebs-bicarbonate b u ffe r  in  a 
c o n c e n tra t io n  of 1mmol/l. When th is  so lu t io n  was r e c i rc u la te d  
through loops of r a t  jejunum in  vivo the re  was absorp tion  of 
l ig n o ca in e  from the lumen. Linear reg ress ion  an a ly s is  estim ated 
th e  r a t e  of th i s  absorption  (Figure 3-51) to  be 16.70+1.69(9) 
nmol/min/1 OOmg' dry weight. This amounted to  approximately 20% of 
th e  i n i t i a l  dose disappearing out of the  lumen over the  th ree  
hour p e r fu s io n  pe rio d .  Exposing the je juna l mucosa to  E .co li  STa 
to x in  s ig n i f i c a n t ly  (P<0.01) increased lignocaine absorp tion  to  
va lues  of 25.35+1 .97(9) nmol/min/1 OOmg dry weight, a 52$ inc rease  
over c o n tro l  v a lu e s .
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T able  3 -4
Model Parameters Control Toxin Sig.
A (mM) 1.028 0.998
C (t)  = A -  Bt B (pM/min) 0.046 0.43 *
r 0.206 0.433
A (mM) 1.028 0.988 .
C (t)  = Ae ^ k (xl0~^ min 0.042 0.45 *
r 0.068 O.96O
Estimated parameters fo r  zero and f i r s t  order pharmacokinetic 
models fo r  morphine luminal concentration data. C orre la tion  
c o e f f i c i e n t s  ( r )  are presented as an index of the degree of f i t  
of each model to the data  (•* = P< 0.001 compared with co n tro l;  
NS = not s ig n i f i c a n t ) .
F i g u r e  3 - 5 0  L e a s t  s q u a r e s  b e s t  f i t  f i r s t  o r d e r  e x p o n e n t i a l
c u r v e s  f o r  c h a n g e  i n  l u m i n a l  m o r p h i n e  c o n c e n t r a t i o n  w i t h  t i m e  in  
c o n t r o l  ( — # — ) and  t o x i n  ( — O — ) t r e a t e d  l o o p s .  V a l u e s  a r e  g i v e n  
a s  mean -  S . E . M .  f o r  6 ( c o n t r o l  and t o x i n )  e x p e r i m e n t s ,  one  
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F i g u r e  3-51 E f f e c t  o f  E . c o l i  STa t o x i n  on l i g n o c a i n e








This increased  absorp tion  was mirrored by a s ig n i f i c a n t  ( p<0.01) 
in c re a se  in  the mean periphera l  blood drug concen tra tions  a f t e r  
STa c h a l le n g e ,  from values of 7.20+_0.79(9) nmol/1 in co n tro ls  to  
12.70+.1.66(9) nmol/1 in the presence of STa. From the p e r ip h e ra l  
blood drug co n cen tra tio n  p ro f i le s  represented in Figure 3 .52 , i t  
can be seen th a t  the  blood drug concen tra tions  in  the presence of 
STa became s ig n i f i c a n t ly  ( P<0.01) e levated over con tro l  values 
a f t e r  45 minutes and remained h igher throughout the  remainder of 
th e  experim ents.
STa reversed  ( P<0.001) a n e t  f lu id  absorp tion  (Figure 3.53) of 
4 .37±0.88(9) ul/min/100mg dry weight to  a ne t s ec re t io n  of 
8.31+2.10(9) ul/min/100mg dry w eight. STa a lso  reversed (PC0.001) 
an apparen t ne t hydrogen ion se c re t io n  (Figure 3.54) in to  the  
lumen of 0.53+0.07(9) uequiv./min/100mg dry weight in co n tro l  
experim ents to  an apparent hydrogen ion absorp tion  (b icarbonate  
anion s e c re t io n )  of 0.12+0.03(9) uequiv./min/100mg dry weight.
T he re fo re , as with the o ther weak bases s tu d ied ,  l ignoca ine  
ab so rp tio n  was enhanced a f t e r  STa challenge of in  vivo je ju n a l  
lo o p s .  Mean periphera l blood drug concen tra tions  were a lso  
e lev a ted  in  the  presence of en tero tox in  in d ica t in g  th a t  t o t a l  
drug t r a n s f e r  was a ffec ted .  This enhanced absorption  of 
l ig n o c a in e  w ith tox in  was d e sp ite  unfavourable f lu id  movement.






















F i g u r e  3 - 5 2  L i g n o c a i n e  c o n c e n t r a t i o n  i n  p e r i p h e r a l  b l o o d  a f t e r
j e j u n a l  e x p o s u r e  t o  E . c o l i  STa t o x i n .  D e t a i l s  a s  f o r  F i g u r e  3 . 3 1  


































F i g u r e  3 * 5 3  E f f e c t  o f  E . c o l i  STa t o x i n  on f l u i d  t r a n s p o r t  in
l o o p s  o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  l i g n o c a i n e  a b s o r p t i o n .  


























F i g u r e  3 - 5 ^  E f f e c t  o f  E . c o l i  STa t o x i n  on l u m i n a l  a c i d - b a s e
b a l a n c e  i n  p e r f u s e d  l o o p s  o f  r a t  p r o x i m a l  j e j un um  d u r i n g  l i g n o c a i n e  
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T hese f in d in g s  w ere confirm ed  When th e  mean lu m in a l drug
c o n c e n tra t io n  d a ta  was a n a ly se d  by n o n - l in e a r  r e g r e s s io n .  The
c o r r e l a t i o n  c o e f f i c i e n t s  ca lcu la ted  f o r  t h e  d i f f e r e n t  a b s o r p t io n
models (Table 3 .5) i n d ic a te  t h a t  th e  b e s t  f i t  f o r  th e  d a ta  was
provided by th e  second o r d e r  e x p o n e n tia l  c u rv e  (F ig u re  3 .5 6 )
r a t h e r  than  a  f i r s t  (F ig u re  3 .5 5 ) o rd e r  m odel. The f i r s t  o r d e r
a b s o rp t io n  r a t e  c o n s ta n t  e s tim a te d  f o r  th e  te x in  e x p e r im e n ts ,
5.78x10“3 min was s i g n i f i c a n t l y  (PC0.0G1) g r e a t e r  th a n  th e  
—3 — 1v a lu e  of 2.86x10 min*" c a lc u la te d  f o r  c o n tr o l  e x p e r im e n ts .
As in  th e  s a l i c y l i c  a c id  e x p e rim en ts  (S e c t io n  3 -M a ) )  th e  r a t i o  
b e tw een  th e  r a t e  c o n s ta n t  f o r  drug  t r a n s p o r t  a c ro s s  th e  c e l l  
membrane ( k ,^ )  ^ - e r a ^ e c o n s ta n t  f o r  d i f f u s io n  o f  drug  o u t o f
an exchange com partm ent ( k ^ )  was c a lc u la te d  from  th e  f o u r  
param eters of the second o rd e r  e x p o n e n tia l  e q u a tio n  (T a b le  3 .5 ) .  
T h is  r a t i o  (k  / k 01) o f 0 .9 9  was h ig h e r  f o r  to x in  e x p e rim e n ts
t  J  C * I
than  the  0.62 f o r  con tro l e x p e r im e n ts , and i s  c o n s i s t e n t  w ith  STa 
in c re a s in g  l ig n o ca in e  a b s o rp t io n  in th e  jejunum.
( f )  E ffe c t  o f  f o r s k o l in  in  co m b in a tio n  w ith  th e o p h y l l in e  on 
l ig n o ca in e  a b s o rp t io n  
As a  f u r t h e r  t e s t  o f  th e  m ic ro c lim a te  h y p o th e s is  th e  e f f e c t  o f  
f o r s k o l in  combined with theophylline  on the je ju n a l  absorp tion  of 
l ig n o c a in e  was te s t e d .  A combination of fo rsk o lin  and 
th e o p h y ll in e  e levated  the je ju n a l  micosal su rface  pH in a manner 
very  s im i la r  to  th a t  observed a f t e r  STa challenge . I f  the  noted 
in c rease  in  l ignoca ine  absorp tion  was due to  STa-induced changes
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T a b l e  3 . 5
Model Parameters Control Toxin Sig.
A (mM) 0.934 0.875
C ( t )  =  A -  Bt B (pM/min) 2.08 3.19 *
r 0.972 O.96I
A (mM) 0.954 0.957
C ( t )  = Ae~kt
1—1 1c•H6
N
"\1O1—1 * 2.86 5-78 *
r 0.985 O.989
A (mM) 0.852 0.731
X (xlO   ^ min "*■) 2.02 3.88 *
4  t  -X t
C ( t ) = Ae +  3e B (mM) 0.148 O.264
—2 —1 X2 (x lO - min ) 2.95 2 .74 NS
r 0.999 0.999
E s t i m a t e d  p a r a m e t e r s  f o r  z e r o ,  f i r s t  and s e c o n d  o r d e r  
p h a r m a c o k i n e t i c  f o r  l i g n o c a i n e  l u m i n a l  c o n c e n t r a t i o n  d a t a .  
C o r r e l a t i o n  c o e f f i c i e n t s  ( r )  a r e  p r e s e n t e d  a s  an i n d e x  o f  t h e  
d e g r e e  o f  f i t  o f  e a c h  m o d e l  t o  t h e  d a t a  (*  -  P< 0 . 0 0 1  com p ar e d  
w i t h  c o n t r o l ;  NS = n o t  s i g n i f i c a n t ) .
F i g u r e  3 * 5 5  L e a s t  s q u a r e s  f i r s t  o r d e r  e x p o n e n t i a l  c u r v e s  f o r
c h a n g e  i n  l u m i n a l  l i g n o c a i n e  c o n c e n t r a t i o n  w i t h  t i m e  i n  c o n t r o l  
( —  ® ) a n d  t o x i n  ( O — ) t r e a t e d  l o o p s .  V a l u e s  a r e  g i v e n  a s
mean -  S . E . M .  f o r  9 ( c o n t r o l  and  t o x i n )  e x p e r i m e n t s ,  one  o b s e r v a t i o n  
p e r  a n i m a l  a t  s p e c i f i e d  t i m e s .
L ignoca ine














X V n Q C o 'O .0Q29t Contro l  (— • — ) Y = 0.95e 






F i g u r e  3 - 5 6  L e a s t  s q u a r e s  b e s t  f i t  s e c o n d  o r d e r  e x p o n e n t i a l
c u r v e s  f o r  c h a n g e  i n  l i m i n a l  l i g n o c a i n e  c o n c e n t r a t i o n  w i t h  t i m e  
i n  c o n t r o l  ( #  ) a n d  t o x i n  (— O — ) t r e a t e d  l o o p s .  D e t a i l s  a s
f o r  F i g u r e  3 - 5 5 *
L i g n o c a i n e
1 . 0 -7
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i n  j e j u n a l  m ucosal s u r f a c e  pH, f o r s k o l in  and th e o p h y l l in e  sh o u ld  
e x e r t  s i m i l a r  e f f e c t s .
F o r s k o l in  (1m m ol/l)  and th e o p h y l l in e  ( 2 Qmmol/l) w ere  in c o rp o ra te d  
i n t o  15ml o f  K re b s -b ic a rb o n a te  b u f f e r  c o n ta in in g  1mM l ig n o c a in e .  
T h is  s o l u t i o n  was th e n  r e c i r c u l a t e d  f o r  th r e e  h ou rs  th ro u g h  in  
v iv o  lo o p s  o f  p rox im al je junum . Under th e s e  c o n d i t io n s  l ig n o c a in e  
a b s o r p t io n  ( F ig u re  3 .5 7 )  was s i g n i f i c a n t l y  (P < 0 .01) in c r e a s e d  
from  16 .7 0 j:1 .6 9 (9 )  nm o l/m in /100mg dry  w e ig h t in  c o n t r o l  
e x p e r im e n ts  ( s e e  p re v io u s  s e c t io n )  t o  v a lu e s  o f  2 4 .3 7 + 1 .2 9 (5 )  
n m o l/m in /100mg d ry  w e ig h t,  which were n o t s i g n i f i c a n t l y  d i f f e r e n t  
from  th o s e  o b ta in e d  a f t e r  E .c o l i  STa to x in  e x p o su re .
As w ith  STa, t h i s  in c re a s e d  a b s o rp t io n  was con firm ed  by an 
in c r e a s e d  (P < 0 .01 ) mean p e r ip h e ra l  blood c o n c e n t r a t io n  in  th e  
p re s e n c e  o f  f o r s k o l in  and th e o p h y l l in e  to  v a lu e s  o f  11 . 36+1.06 
n m o l/1 , s i m i l a r  to  th o se  found w ith  STa. These e le v a te d  b lood  
d ru g  c o n c e n t r a t io n s  (F ig u re  3 .5 8 ) in  th e  p re se n c e  o f  f o r s k o l in  
and th e o p h y l l in e  became s ig n i f i c a n t  (P<0.05) a f t e r  75 m in u te s  and 
rem ain ed  h ig h e r  f o r  th e  rem a in d e r o f th e  e x p e r im e n ts .
Net f l u i d  a b s o rp t io n  (F ig u re  3*59) ia  c o n tr o l  e x p e rim e n ts  
(4 .3 7 + 0 .8 8 (9 )  ul/min/1OOmg d ry  w e ig h t)  was re v e r s e d  (P < 0 .001) in  
t h e  p re s e n c e  o f  f o r s k o l in  and th e o p h y l l in e  to  a n e t  s e c r e t i o n  o f  
2 3 .1 7 + 2 .9 2 (5 )  ul/m in/100m g d ry  w e ig h t. This s e c r e t i o n  was a lm o st 
t h r e e  t im e s  g r e a t e r  th a n  t h a t  produced by STa, i n d ic a t in g  t h a t  
f o r s k o l i n  and th e o p h y l l in e  a r e  o p e ra tin g  th ro u g h  d i f f e r e n t  
m echanism s (cAMP m ed ia ted  s e c r e t i o n ) .  S im i la r ly  to  STa, th e





























F i g u r e  3 - 5 7  E f f e c t  o f  f o r s k o l i n  (ImM) c o m b i n e d  w i t h
t h e o p h y l l i n e  (20mM) on l i g n o c a i n e  a b s o r p t i o n  from p e r f u s e d  l o o p s  




F i g u r e  3 - 5 $  L i g n o c a i n e  c o n c e n t r a t i o n  in  p e r i p h e r a l  b l o o d  a f t e r
j e j u n a l  e x p o s u r e  t o  f o r s k o l i n  (ImM) in  c o m b i n a t i o n  w i t h  t h e o p h y l l i n e  
( 2 0 mM). D e t a i l s  a s  f o r  F i g u r e  3 - 3 1  ( * ’ = P< O . 0 5 ; **  = P< 0 . 0 1 ;
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F i g u r e  3 - 5 9  E f f e c t  o f  f o r s k o l i n  (ImM) in  c o m b i n a t i o n  w i t h
t h e o p h y l l i n e  ( 20 mM) on f l u i d  t r a n s p o r t  d u r i n g  l i g n o c a i n e  a b s o r p t i o n .  






f o r s k o l in / th e o p h y l l in e  combination reversed ne t luminal 
a c i d i f i c a t i o n  (Figure 3.60) in con tro l experiments of 
0 .53±0.07(9) uequiv/min/1 OOmg dry weight to  a lk a l in i s a t io n  of 
0 .08+0.02(5) uequiv/min/1 OOmg dry weight.
Unlike th e  lig n o ca in e  contro l and STa experiments, n o n - l in e a r
re g re s s io n  a n a ly s is  (Figure 3*61) of the mean luminal drug
c o n c e n tra t io n  d a ta ,  indicated  th a t  a f i r s t  o rder model only
s l i g h t l y  enhanced the f i t  when the ca lcu la ted  c o r re la t io n
c o e f f i c i e n t  (Table 3.6) was compared to  th a t  fo r  the  zero o rd e r
model. Confirming empirical data, the f i r s t  order model
a b so rp t io n  r a t e  constant of 3 . 71x 10“  ^ min-1 from the
fo r sk o l in / th e o p h y l l in e  experiments, was s ig n i f ic a n t ly  (P<0.001)
-3 -1h ig h e r  than the  con tro l value of 2.86x10 min . A second order 
model fo r  the fo rsk o lin / th eo p h y ll in e  data defau lted  to  the 
s im p le r  f i r s t  o rder model.
As p re d ic te d ,  the  combined e f f e c t s  of fo rsk o lin  and theophy lline  
a re  s im i la r  to  those of STa on lignocaine absorp tion . Since both 
of th ese  trea tm en ts  a l t e r  mucosal surface pH, poss ib ly  through 
d i f f e r e n t  mechanisms, th is  r e s u l t  is  s trong evidence th a t  the 
p resen ted  a l t e r a t i o n s  in weak e le c t ro ly te  absorp tion  are  due to  
changes in  the microclimate pH.
Summary of drug absorp tion  experiments
The je ju n a l  absorption  c h a r a c te r i s t i c s  of two weakly ac id ic  and 
th re e  weakly basic  drugs were investigated  in v ivo . As predic ted  
by the m icroclim ate hypothesis, the weak ac id s ,  s a l i c y l i c  acid
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F i g u r e  3 - 6 0  E f f e c t  o f  f o r s k o l i n  (ImM) in  c o m b i n a t i o n  w i t h
t h e o p h y l l i n e  (20mM)- on l u m i n a l  a c i d - b a s e  b a l a n c e  i n  p e r f u s e d  l o o p s  
o f  r a t  p r o x i m a l  j e j u n u m  d u r i n g  l i g n o c a i n e  a b s o r p t i o n .  D e t a i l s  a s  























T able  3 -6
Model Parameters Control Forskolin  Sig.
A (mM) 0.934 1.012
C (t)  = A -  Bt 5 (pM/min) 2.08 2.81 *
r 0.972 0.983
A (mM) 0.954 1.043 .
C (t)  = Ae"k t k (xlO  ^ min 2.86 3.71 *
r 0.985 0.986
E s t i m a t e d  p a r a m e t e r s  f o r  z e r o  and f i r s t  o r d e r  p h a r m a c o k i n e t i c  
m o d e l s  f o r  l i g n o c a i n e  l u m i n a l  c o n c e n t r a t i o n  d a t a  ( f o r s k o l i n  and  
t h e o p h y l l i n e ) .  C o r r e l a t i o n  c o e f f i c i e n t s  ( r )  a r e  p r e s e n t e d  a s  
an i n d e x  o f  t h e  d e g r e e  o f  f i t  o f  e a c h  m o d e l  t o  t h e  d a t a  
(*  = P< 0 . 0 0 1  c o m p a r e d  w i t h  c o n t r o l ) .
*
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5 ( f o r s k o l i n / t h e o p h y l l i n e )  e x p e r i m e n t s ,  one  o b s e r v a t i o n  p e r  a n i m a l  
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and phenytoin were absorbed a t  a f a s t e r  r a t e  than the weak bases, 
l ig n o c a in e ,  amphetamine and morphine. A fter exposing the je ju n a l  
mucosa to  E. col i  STa en te ro tax in ,  both weak acids were
malabsorbed while a l l  th re e  weak bases had th e i r  abso rp tion  
enhanced. These absorp tion  changes were confirmed by s im ila r  
changes in  the  appearance of drug in the p e riphera l  b lo o d ,
in d ic a t in g  th a t  t o t a l  drug t ra n s fe r  was a ffec ted  by STa.
Increased  weak base uptake occured d esp ite  unfavourable
en te  ro t  ox in-induced f lu id  sec re t io n .  As expected, in a l l
experim ents STa abolished luminal a c id i f i c a t io n .
The combination of fo rsk o lin  and theophylline re su l ted  in an 
enhancement of lignoca ine  absorption very s im ila r  to  th a t
observed with STa. This was again, despite  net f lu id  s e c re t io n .  
Since both  STa and the fo rsk o lin / th eo p h y ll in e  combination e lev a te  
je ju n a l  su rface  pH, th i s  is  fu r th e r  evidence th a t  the reported  
a l t e r a t i o n s  in  weak e le c t r o ly te  absorption were probably due to  
changes in  the  microclimate pH.
More model o r ien ta ted  analysis  of the luminal drug data  
demonstrated th a t  amphetamine, phenytoin, and morphine follow 
f i r s t  o rd e r  absorp tion  k in e t ic s .  However, l ignoca ine  and 
s a l i c y l i c  acid  absorp tion  were best described by second order 
k i n e t i c s  which a re  c o n s is te n t  with a compartmental model having 
an in te rm ed ia te  exchange compartment a f t e r  the lumen.

















F ig u r e  3 -6 2  C o r r e l a t i o n  o f  lo g  a b s o r p t i o n  r a t e  c o n s t a n t  with
l o g  o c t a n o l / w a t e r  p a r t i t i o n  c o e f f i c i e n t  ( P ) .  L e a s t  s q u a r e s  b e s t  
f i t  r e g r e s s i o n  l i n e  i s  sho wn.
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p a r t i c u l a r l y  important fo r  these  drugs, the p r e f e r e n t i a l  route  
p robably  being through the  c e l l  membrane.
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4. DISCUSSION
4.1 I n t e s t i n a l  s u r fa c e  pH measurements
The maintenance o f a d i s t in c t  acid  m icroclim ate , as o r ig in a l ly  
proposed by Hogben and co-workers (1959) would f i r s t l y  req u ire a 
source o f hydrogen ion s fo r  s e c r e t io n  in to  th e jeju n a l lumen. 
Secondly, d if fu s io n  of th ese  hydrogen ions may have to  be 
retarded by in t e s t in a l  mucus (B la ir  e t  a l . ,  1975). I t  has been 
known for  some time th at the r a t  jejunum a c id i f i e s  i t s  lum inal 
perfu sa te s  and a low su rface pH has been demonstrated 
c o n s is t e n t ly  in v i t r o . However, a t  the o u tse t o f t h is  p ro ject i t  
was uncerta in  whether the acid m icroclim ate could be d etected  in  
v iv o . Previous experim ents from th is  lab oratory  (Lucas, 1983) 
demonstrated the e x is ten ce  o f a low mucosal su rface pH in  ra t  
jejunum in v iv o . The present p ro jec t undertook to  improve on t h is  
work by develop ing a b e tte r  in v ivo  p reparation .
A s p e c ia l ly  designed in v ivo  p erfu sion  chamber allow ed the 
measurement o f ra t in t e s t in a l  mucosal su rface  pH w ith  e a se .
Unlike previous tech n iq u es (Lucas, 1983; Hogerle & Winne, 1983)
th e use o f th is  chamber e lim in ated  th e problems o f blood lo s s
from the t is s u e  under in v e s t ig a t io n  and th ere fo re  provided a more 
s ta b le  p rep aration . When th e je ju n a l mucosa was perfused w ith  
Krebs phosphate b u ffer  a t  pH 7 .1  the pH a t  the mucosal su rface  
was approxim ately 6 . 2 .  T h is, th e r e fo r e , confirm s the e x is te n c e  o f  
an 'a c id  m icroclim ate' in  the jejunum. The value obtained fo r
th is  low pH reg ion  i s  c o n s is te n t  w ith previous measurements of  
je ju n a l su rface  pH both in v i t r o  (Lucas e t  a l . ,  1975; Lucas &
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B la i r ,  1978; Lucas e t  a l . ,  1980; Daniel e t  a l . ,  1985; Shiau e t  
a l . ,  1985; Daniel & Rehner, 1986; Shirnda, 19 87) and in vivo 
(Lucas, 1983; Hogerle & Winne, 1983; Iwatsubo e t  a l . ,  1986). The 
p re sen t  p rep a ra t io n  is  an improvement on previous attem pts a t  
measuring mucosal su rface  pH in v iv o . A fter exposing the mucosa, 
Lucas (1983) allowed the t i s su e  to  continue bleeding in  the hope 
th a t  c lo t t in g  would be s u f f i c i e n t ly  rapid and complete to  
minimise blood lo s s .  The technique adopted by Hogerle and Winne 
(1983), in  which the  t is su e  was compressed beneath a chamber, may 
have in ad v e r ten t ly  reduced the blood flow to  the t i s s u e ,  inducing 
some anoxia. The chamber u t i l i s e d  in the present experiments is  
an improvement on both these methods since bleeding is  prevented 
and blood flow is  u n r e s t r i c t e d . A s im ila r  type of chamber 
p rep a ra t io n  has re c en t ly  been reported  (Iwatsubo e t  a l . ,  1986),
however, these workers used antimony pH e lec trodes  to  measure 
su r fa c e  pH. This introduces ad d itio n a l problems of in te rp re ta t io n  
as w i l l  be d iscussed below. The g la ss  e lec trode  used in the 
presen t s tudy  is  not su b jec t to  the l im i ta t io n s  inherent in the 
use of the  antimony e lec tro d e .  To d a te ,  only one group has f a i le d  
to  demonstrate an acid su rface  pH in the r a t  jejunum (Rechkemmer 
e t  a l . ,  1986). However, i t  should be noted th a t  only four r a t s  
co n tr ibu ted  to  the l a t t e r  conclusion and th e re fo re  i t  should not 
be g iven  too  much prominence .
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A c id i f ic a t io n  of je ju n a l  luminal perfusates  in v iv o . as observed 
in  t h i s  s tudy  and o th e rs  (Parsons, 1956; Hubei, 1973; Podesta & 
M e t t r ic k ,  1977) suggests  th a t  the low surface pH measured is  
m aintained by a source of hydrogen ions a t  the mucosal su r fa ce .  
These hydrogen ions would, presumably, d if fu se  out of the 
’m ic ro c lim a te '  reg ion  to  lower the pH of the luminal contents  
(B la i r  e t  a l . ,  1975). The 'm icroclim ate1 region probably c o n s is ts  
of a su r fa ce  adhering mucus lay e r  within the u n s t i r r e d  v a te r  
l a y e r  s ince  d i f f u s io n  of hydrogen ions through mucus would be 
slower than d i f fu s io n  through the bulk so lu t io n .
The acid microclim ate measured in these experiments i s  not a 
p h y s io lo g ica l  a r t e f a c t  caused by t is su e  anoxia. Occlusion of the 
a f f e r e n t  m esenteric blood vessels  supplying the  t i s su e  re su lted  
in  an e le v a t io n  of su rface  pH. This was in agreement with the 
r e s u l t s  of a previous study (Lucas, 1983) and demonstrates t h a t ,  
c o n tra ry  to  a previous suggestion (Flemstrom e t  a l . ,  1982),
anoxia  in te r r u p t s  the processes maintaining the  acid surface  pH 
in  jejunum. This i s  presumably due to  a cessa tion  of the 
m etabolic  processes upon which the  the maintenance of an ac id ic  
m icroc lim ate  depends.
D esp ite  taking every possible  precaution in . the p resen t 
exper im en ts , some animals in ev itab ly  died under the influence of 
a n a e s th e s ia .  Rather than l e t  the  animals die  need less ly  i t  was 
decided to  measure luminal acid-base changes m  these 
p re p a ra t io n s .  These experiments led to  the  s t r ik in g  observation
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t h a t  a c i d i f i c a t i o n  ceased almost immediately when the h ea r t  
stopped b e a t in g ,  thereby providing fu r th e r  evidence th a t  
a c i d i f i c a t i o n  is  not an anoxic phenomenon. This f ind ing  a ls o  
s t ro n g ly  suggested th a t  luminal a c id i f ic a t io n  and th e re fo re ,  
p robab ly , th e  maintenance of a low surface pH, req u ire s  a 
m e ta b o l ic a l ly  ac t iv e  t is su e  producing a source of lum inally  
d i r e c te d  protons (or conversely an absorp tion  of b icarbonate  
a n io n s ) .  This is  inco n sis ten t with the hypothesis th a t  mucus 
a lo n e ,  a c t in g  as an ampholyte, maintains the acid microclimate 
(Shiau e t  a l . ,  1985) s ince , presumably, the mucus would remain 
a f t e r  death  had ensued. I f  mucus were responsib le  fo r  
m ic roc lim ate  maintenance a c id i f ic a t io n  should con tinue , even 
a f t e r  d e a th .
The ex is ten ce  of an acid microclimate in the  jejunum, was f i r s t  
p o s tu la te d  to  explain apparent anomalies in i n t e s t i n a l  weak 
e l e c t r o l y t e  absorp tion  which did not conform to  the  pH p a r t i t i o n  
hypo thesis  (Hogben e t  a l . ,  1959)* Although a low surface  pH has 
been f re q u e n t ly  demonstrated, i t  has been suggested th a t  the  acid 
reg io n  occurs a t  the base of the v i l l i  (Jackson, Williamson, 
Dombrowski & Gamer, 1978). Since i t  is  thought th a t  n u t r i e n t  
a b so rp tio n  takes  place mainly in the upper th ird  p a r t  of the 
v i l l u s  ( P h i l ip s ,  1982) i t  was proposed th a t  the acid microclimate 
would n o t  a f f e c t  absorption processes. In the present s tudy , 
measurements with l iqu id  ion exchange pH m icroelectrodes have 
shown th a t  the a rea  of lowest pH can be lo ca lised  to  the region 
approxim ately  100-200 um below the v i l l u s  t ip s  and th a t  even the
-  102 -
t i p s  themselves a re  bathed in f lu id  t h a t  i s  s u b s ta n t i a l ly  more 
acid than a n e u t r a l  bulk bath ing  s o lu t io n .  This f in d in g  is  in  
agreement with th e  f in d in g s  of a p rev ious study (Daniel e t  a l . ,  
1985) and supports  the  view th a t  the  acid m icroclim ate  w i l l  
a f f e c t  weak e l e c t r o l y t e  a b so rp t io n .  When the pH m icroelectrode  
was placed a t  the  v i l l u s  base the  pH measured in  th i s  reg ion  was 
co n s id e rab ly  h igher  than th a t  measured in the  upper v i l l u s  
confirming the ex is ten ce  of a pH g rad ien t  along the je ju n a l  
v i l l u s - c r y p t  ax is  as o r ig i n a l l y  measured by Daniel and co-workers 
(1985) us ing  antimony micro e le c t  rod es . The pH values measured in 
the  c ryp t reg ion  in t h i s  l a t t e r  study were much more a lk a l in e  
than those measured with the l iq u id  ion exchange e le c tro d e s .  
However, antimony e lec tro d e s  a re  s e n s i t iv e  to  the  oxygen tension  
of the  medium in which they a re  measuring (Tourky & Mousa, 1948; 
El Wakkad, 1950) and d e v ia t io n s  from the  pH response have been
observed a t  low PC  ^ values (Daniel e t  a l . ,  1985). Therefore,
th e re  i s  a p o s s i b i l i t y  th a t  th e re  w i l l  be a low oxygen ten s io n  in 
the  c ryp t reg ions  which may account fo r  the  high pH values 
measured with the antimony e le c t ro d e s .  Supporting th i s  i t  was 
r e c e n t ly  shown t h a t  when an antimony m icroelectrode and a l iq u id  
ion exchange m icroe lec trode  were used to  determine the pH p ro f i le  
of th e  same je ju n a l  v i l l u s  th e re  was p e r fe c t  agreement between 
the values obtained fo r  the upper v i l l u s  measurements but the 
va lues began to  d e v ia te  towards the  c ryp t reg io n ,  the  antimony 
e lec tro d e  g iving the h igher values (H. D aniel, personal 
communication). Liquid ion exchange e lec tro d es  a re  not a ffec ted
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by oxygen te n s io n  and th e re fo re  the  values presented in  the 
p re sen t  s tudy  a re  probably more r e p re s e n ta t iv e  of the  t ru e  pH a t  
th e  v i l l u s  base . A s im i la r  d iscrepancy  between measurements made 
w ith  l iq u id  ion exchange and antimony e lec tro d es  has a lso  been 
observed in the  duodenum (H. D an ie l, personal communication). 
This would suggest th a t  the  repo rted  f in d in g  th a t  the  mucosal 
su rface  of r a t  duodenum i s  a lk a l in e  (Flemstrom & K iv ilaakso , 
19 83) may a lso  be the  r e s u l t  of an antimony e lec trode  a r t e f a c t ,  
s in ce  these  e lec tro d e s  were a l s o  used in th i s  s tudy.
Mucosal su r fa c e  pH measurements of the r a t  ileum ind ica ted  th a t  a 
n e u t r a l  su rface  pH e x i s t s ,  which is  in agreement with the only 
o th e r  rep o rted  measurement of in vivo r a t  i l e a l  su rface  pH 
(Lucas, 1983). This value of su rface  pH agrees with the 
i n s ig n i f i c a n t  luminal a lk a l i n i s a t i o n  observed in vivo in  perfused 
loops of r a t  ileum. These f in d in g s  suggest th a t  in the absence of 
any s t im u lu s ,  the  r a t  ileum does no t s e c re te  b icarbonate  to  any 
s ig n i f i c a n t  degree. This i s  no t in  agreement with the e s tab lish ed  
view th a t  the  r a t  ileum sec re te s  b icarbonate  a t  a l l  times 
(Parsons , 1956; Hubei, 1967; Hubei, 1969). However, the re  is  a 
p o s s i b i l i t y  th a t  the  ileum has a cap ac ity  fo r  s ec re t in g  hydogen 
ions equ ivalen t to  i t s  b icarbonate  s ec re t in g  c ap ac ity .  Indeed 
t h i s  has been suggested on the  basis  of ion replacement s tud ie s  
(Turnberg e t  a l . ,  1970). This would produce a n e t  sec re t io n  which 
i s  n e u tra l  and would hence exp lain  both the  n eu tra l  i l e a l  surface 
pH measured and the r e l a t i v e  f a i l u r e  of the ileum to  a l t e r  the pH 
of i t s  luminal p e rfu sa te s  in the  p re sen t experiments. Where
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permanent b ica rb o n a te  s e c re t io n  has been observed, t h i s  may have 
been due to  in ad v e r ten t  s t im u la t io n ,  during the p repa ra t ive  
p rocedures . A re c o n c i l in g  view might be t h a t  b icarbonate  
s e c re t io n  does no t occur a l l  the  time bu t w i l l  do when provoked 
by f a c t o r s ,  as y e t  undetermined. F u r th e r  evidence fo r  the  absence 
of b icarbonate  s e c re t io n  came from the  pH m icroe lec trode  s tu d ie s  
in  v i t r o . Here, in  c o n t r a s t  to  the  jejunum, when the  pH p ro f i le s  
of i l e a l  v i l l i  were measured in v i t r o  no s t r ik in g  pH g ra d ie n t  was 
observed along the  v i l l u s - c r y p t  a x i s .  This was, aga in , evidence 
f o r  the  ileum se c re t in g  n e u t r a l  f l u i d  s ince a pH g rad ien t would 
no t be expected under these  c o n d i t io n s .  I f  the  t is su e  were 
s e c re t in g  la rg e  q u a n t i t i e s  of b icarbonate  a lone , h igher loca l pH 
values than the  ones measured might be expected. There a re  a 
myriad of p o s s i b i l i t i e s  as t o  what t h i s  i l e a l  s ec re t io n  might be 
eg. plasma exudate , ’ i s o to n ic '  b icarbonate  se c re t io n  e tc .  
However, while these  pose i n t e r e s t i n g  questions fo r  fu r th e r  
re se a rc h ,  the  l ik e l ih o o d  of b ica rb o n a te  s e c re t io n  in the r a t  
ileum under normal cond itions  was o u ts id e  the scope of th i s  
t h e s i s .
4 .2 E ffec t  of E .c o l i  STa tox in  on i n t e s t i n a l  mucosal surface  pH 
Exposing th e  mucosal surface  of r a t  small in t e s t in e  to  E .c o l i  STa 
e n te ro to x in  re s u l te d  in an e lev a tio n  of the In te s t in a l  
m icroclim ate  pH to  values s ig n i f i c a n t l y  higher than those 
measured in unchallenged t i s s u e .  In the  jejunum, the normally 
a c id ic  mucosal surface  became n e a r ly  n eu tra l  whereas the neu tra l
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pH measured in  th e  ileum was e leva ted  considerab ly  above the  pH 
of the  perfus ing  b u f f e r .  This mucosal su rface  a lk a l in i s a t io n  was 
both rap id  and r e a d i ly  r e v e r s ib le ,  resembling STa a c t io n  on 
i n t e s t i n a l  f l u i d  t r a n s p o r t  (Mullan e t  a l . ,  1978). These changes 
a re  c o n s i s te n t  with the  changes in luminal ac id -base  balance 
observed a f t e r  STa challenge  in in vivo perfused i n t e s t i n a l  
loops . In th ese  experim ents, while in h ib i t in g  f l u i d  absorp tion  as 
expec ted , STa a l s o  abo lished  luminal a c id i f i c a t i o n  in the  jejunum 
and g r e a t ly  enhanced a low luminal a lk a l in i s a t io n  in the ileum. 
I t  should be no ted , however, th a t  the  la rge  and very rapid  pH 
s h i f t s  de tec ted  a t  the  mucosal su rface  would not be evident from 
these  p e r fu s a te  measurements a lone .
The c e s sa t io n  of luminal a c id i f i c a t io n  in the STa-challenged 
jejunum suggests  th a t  the  en te ro tox in  is  a c t in g  by in h ib i t in g  
luminal hydrogen ion se c re t io n  or i t s  converse, b icarbonate  anion 
a b so rp t io n .  Support fo r  t h i s  mechanism of tox in  a c t io n  was 
supp lied  from the je ju n a l  v i l l u s  pH p r o f i l e  measurements obtained 
a f t e r  STa exposure. These demonstrated th a t  the  upper v i l l u s  
reg io n  which exh ib ited  the most acid values in u n trea ted  t i s su e  
was most a f fe c ted  by STa ch a llen g e . This can be explained by STa 
i n h ib i t i n g  the  a c id i f i c a t io n  process in the upper v i l l u s  c e l l s .  
The r e l a t i v e l y  low pH values measured a t  the  v i l l u s  base in the 
ST a-trea ted  jejunum do no t favour the  concept of STa s tim u la t in g  
b ica rb o n a te  se c re t io n  from the je ju n a l  c ry p ts  as has been 
demonstrated in the ileum a f t e r  exposure to  cholera tox in  
(H allback, J o d a l , S jo q u is t  & Lundgren, 1982).
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In the  ileum, the  mode of a c t io n  of STa is  to  cause 
a lk a l i n i s a t i o n  above bulk phase values but t h i s  could occur by- 
sev e ra l  means. Unlike the  jejunum, th e  ileum did no t p re sen t a 
s t r i k i n g  pH g ra d ie n t  along the v i l l u s - c r y p t  a x i s .  Exposure to  STa 
e leva ted  th e  pH fa ir ly -  uniform ly th e  v i l l u s  le n g th .  This, coupled 
w ith  the  r e l a t i v e l y  high pH values a t t a in e d  a f t e r  STa challenge 
and the  la rg e  STa-induced a l k a l i n i s a t i o n  of i l e a l  lumen tends to  
favour an e leva ted  b icarbonate  anion se c re t io n  in  the ileum, as 
has been p rev io u s ly  demonstrated a f t e r  exposure to  ch o le ra  toxin 
(L eitch  & Burrows, 1968; Carpenter e t  a l . ,  1968; Norris e t  a l . ,  
1969; Moore e t  a l . ,  1971; Hubei, 1974). However, as mentioned
p re v io u s ly ,  the p resen t r e s u l t s  would suggest th a t  the ileum 
possesses both hydrogen ion and b icarbonate  sec re to ry  a c t i v i ty  
and th e re fo re  in h ib i t i o n  of hydrogen ion s ec re t io n  by STa as 
proposed fo r  the  jejunum may have revealed an underlying 
b icarbonate  s e c re t io n  continuing  u naffec ted  by STa.
The mechanism through which STa would a f f e c t  the  a c id i f i c a t io n  
process is  unknown. However, i t  has been demonstrated th a t  STa 
ab o lish es  n e t  sodium ab so rp tion  in the  upper v i l l u s  c e l l s  of the 
small I n te s t in e  (Rao & F ie ld ,  1984). In the absence of n u t r i e n t  
n o n -e le c t ro ly te s  which promote sodium ion en try  by the 
w e l l -c h a ra c te r is e d  sodium -cotransport system (Crane, 1962), a 
s u b s ta n t ia l  component of sodium ion  en try  could be by exchange 
w ith hydrogen ion (Turnberg e t  a l . ,  1970; Hubei, 1973; Murer e t  
a l . ,  1976; Liedtke & Hopfer, 1977; Podesta & M ettr ick , 1977). 
In h ib i t io n  by STa of sodium e n try  mediated by exchange with
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i n t r a c e l l u l a r  hydrogen ion should in h ib i t  luminal hydrogen ion 
s e c re t io n  r e s u l t in g  in an e le v a t io n  of th e  mucosal surface  pH. 
Supporting t h i s  view, i t  has been shown th a t  reducing the sodium 
c o n ce n tra t io n  in the  bulk s o lu t io n  e lev a te s  the  je ju n a l  mucosal 
su r fa c e  pH in  v i t r o  (Lucas e t  a l . ,  1980) and in vivo (Iwatsubo e t  
a l . ,  1986). I t  has a lso  been shown th a t  ouabain (Lucas & B la i r ,  
1978; Iwatsubo e t  a l . ,  1986), chiorpromazine and am iloride
(Iwatsubo e t  a l . ,  1986), a l l  of which impair sodium ion
t r a n s p o r t ,  e le v a te  the  je ju n a l  surface  pH. Therefore , th e re  is
evidence to  favour STa in h ib i t io n  of Na+-H+ exchange as being the 
mechanism fo r  STa-induced mucosal su rface  a lk a l in i s a t io n .  
However, t h i s  evidence i s ,  as y e t ,  c i rc u m s ta n t ia l  and o ther  
mechanisms could be involved.
STa i s  be lieved  to  a c t  by in c reas in g  guanylate  cyclase  a c t i v i t y  
in i n t e s t i n a l  e p i t h e l i a l  c e l l s  (F ie ld  e t  a l . ,  1978; Hughes, Murad 
& G uerran t, 1978a; Guerrant, Chang, Robertson & Murad, 1980). The 
r e s u l t in g  e lev a t io n  of i n t r a c e l l u l a r  cGMP le v e ls  (Hughes e t  a l . ,  
1978; F ie ld  e t  a l . ,  1978) i s  thought to  bring  about the  changes 
in f l u i d  and ion t ra n s p o r t  observed a f t e r  STa cha llenge . The
evidence fo r  t h i s  i s  as fo llow s: (1) STa e f f e c t s  on both cGMP 
accumulation and sec re to ry  responses in the r a b b i t  (Hughes e t  
a l . ,  1978), mouse (Hughes e t  a l . ,  1978) and Ussing chamber
s tu d ie s  on r a b b i t  ileum (Field e t  a l . ,  1978) demonstrate a 
comparable rap id  o n se t ,  time course and dose response . (2) The 
8-bromo analogue of cGMP resembles the STa e f f e c t  on s e c re t io n ,  
inc lud ing  lo c a t io n  of i n t e s t i n a l  responses (Hughes e t  a l . ,  1978;
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G ianella  & Drake, 1979). (3) Agents which prevent STa a c t iv a t io n  
of guanylate  cyc lase  c o n s i s te n t ly  prevent sec re to ry  responses, 
eg . chlorpromazine (Abbey & Knoop, 1979; Greenberg, Chang, 
Robertson & G uerrant, 1980) and qu inacrine  (Greenberg, Chang, 
Robertson & Murad, 1982). STa w i l l  only  a c t i v a te  the  p a r t i c u la te  
form of guanylate  cyclase  (Hughes e t  a l . ,  1978a; Guerrant e t  a l . ,  
1980). In  the  i n t e s t i n e  t h i s  form of th e  enzyme predominates and 
i s  lo c a l i s e d  in  the  brush border membranes of upper v i l l u s  c e l l s  
(Q u il l  & W eiser, 1975; de Jo rge , 1975). The proposal th a t  the 
upper v i l l u s  c e l l s  a re  the major s i t e  of a c t io n  fo r  STa (de
Jonge , 1984) is  f u l l y  c o n s is te n t  w ith  the  p re sen t  find ing  th a t
the most prominent change in  su rface  pH in  the STa-treated 
jejunum occured in the  upper v i l lo u s  reg io n .
The STa p rep a ra t io n  used in t h i s  study was produced 
m ic ro b io lo g ica l ly  (Mullan e t  a l . ,  1978). Despite  extensive
p u r i f i c a t i o n  th e re  i s  always a p o s s i b i l i t y  th a t  extraneous 
products  ( p a r t i c u l a r ly  pep tides)  may be p re se n t .  To t e s t  fo r  th is  
the response to  a h igh ly  p u r i f i e d  sy n th e t ic  STa analogue was 
examined. This analogue, STh(6-19), a fo u r teen  amino acid 
p e p t id e ,  has been shown to  have the same en tero tox igen ic
p ro p e r t ie s  as m ic ro b io lo g ica l ly  produced STa (Aimoto e t  a l . ,  
1983). The observation  th a t  the h igh ly  p u r i f ie d  sy n the tic  peptide 
induced a v i r t u a l l y  id e n t ic a l  mucosal surface  a lk a l in i s a t io n  in 
the  jejunum to  th a t  induced by the m ic ro b io lo g ica lly  produced STa 
tox in  makes i t  h ig h ly  u n l ik e ly  t h a t  the  e f f e c t s  observed with the 
l a t t e r  were due to  anything o th e r  than the en tero tox igen ic
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p ro p e r t ie s  of STa.
Although STa a c t s  through cGMP to  a l t e r  n e t  f lu id  t r a n s p o r t ,  
almost no biochemical d e t a i l s  a re  known fo r  STa e f f e c t s  on 
hydrogen ion  p roduction . Because of i t s  e f f e c t s  on f lu id  
t r a n s p o r t ,  cGMP seemed the l i k e l y  mediator of STa-induced mucosal 
a l k a l i n i s a t i o n ,  a lthough the  p o s s i b i l i t y  of cAMP involvement a lso  
had to  be con s id e red .  With t h i s  in  mind an a ttem pt was made to  
confirm  th a t  cGMP is  involved in STa a c t io n  on surface  pH. The 
i n i t i a l  f in d in g  th a t  th eo p h y ll in e ,  a phosphodiesterase  in h ib i to r ,  
prevented th e  normal r e v e r s i b i l i t y  of STa induced mucosal surface  
a lk a l i n i s a t i o n  provided evidence fo r  cy c l ic  n uc leo tide  
involvement in th i s  phenomenon. Theophylline was, presumably, 
a c t in g  by m aintaining the e levated  i n t r a c e l l u l a r  cy c lic  
n u c leo t id e  le v e l s  a f t e r  toxin  removal. However, s ince 
th eo p h y ll in e  is  a known in h ib i to r  of both cGMP and cAMP 
phosphod ies te rases  in i n t e s t i n a l  v i l l u s  c e l l s  (Q u ill  & Weiser, 
1975) i t  i s  n o t  p o s s ib le ,  from th i s  r e s u l t ,  to  d i f f e r e n t i a t e  
between a cGMP or a cAMP dependent p rocess .  To determine which of 
these  c y c l ic  n u c leo t id es  was re sponsib le  fo r  the observed STa 
e f f e c t s  the  l i p i d  so lub le  8-bromo analogues of cGMP and cAMP were 
app lied  exogenously to  the je ju n a l  mucosa. 8-bromo c®4P induced a 
mucosal su rface  a l k a l in i s a t io n  very s im ila r  to  th a t  induced by 
STa and STh(6-19). In c o n t r a s t ,  the same concen tra tion  of 8-bromo 
cAMP caused only a r e l a t i v e l y  small surface  pH s h i f t .  From th is  
i t  must be concluded th a t  cGMP is  the l ik e ly  mediator of 
STa-induced i n t e s t i n a l  mucosal surface  a lk a l in i s a t io n .
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4.3 E ffect of cAMP dependent secretory agents on .ie.junal mucosal
surface pH
The experim ents w ith  th e  c y c l ic  n u c leo t id e  analogues suggest th a t  
cAMP dependent s e c re to ry  agents a re  no t so e f fe c t iv e  a t  inducing 
su rface  pH changes as those dependent on cGMP. To t e s t  th is  
hy p o th es is ,  the e f f e c t s  of fo r sk o l in  and cholera  to x in ,  both of 
which a c t i v a t e  i n t e s t i n a l  ad en y la te  cyclase  (Seamon & Daly, 1981; 
S chafe r ,  L u s t ,  S i r c a r  & Goldberg, 1970; Guerrant, Chen & Sharp, 
1972; F ie ld  e t  a l . ,  1972), on je ju n a l  surface  pH were
in v e s t ig a te d .  The mechanisms whereby these  compounds a c t iv a te  
adeny la te  cyclase  a re  e n t i r e ly  d i f f e r e n t .  Cholera to x in ,  an 87 
Kdal p r o te in ,  c o n s is t s  of an A peptide  linked  by a d isu lph ide  
bond to  an A  ^ peptide and f iv e  B p ep t id e s .  The toxin  e n te rs  the  
c e l l  a t  the brush border membrane by in te ra c t in g  with a G ^ 
g ang lios ide  on the c e l l  s u r fa c e .  A fter gaining e n try  the A^  
subun it i r r e v e r s i b l y  modifies the guanine nuc leo tide  binding 
p ro te in  (G p ro te in )  leav ing  adenyla te  cyclase permanently 
a c t iv a te d  fo r  the  l i f e t im e  of the c e l l .  These events take a 
conside rab le  time to  occur and account fo r  the  normal 30-60 
minute delay  before  any increase  in i n t r a c e l l u l a r  cAMP lev e ls  
become e v id en t .  In c o n t r a s t ,  fo r sk o l in  does not bind to  a 
membrane r e c e p to r ,  nor does i t  a l t e r  the guanine nuc leo tide  
binding p ro te in .  The a c t io n  of fo r sk o l in  is  to  s t im u la te  d i r e c t ly  
the c a ta ly t i c  subunit of the adenylate cyclase complex. The 
fa sh io n  of t h i s  a c t io n  is  both rapid  and re v e rs ib le  (Seamon &
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Daly, 1981). T herefore , th e  e f f e c t  of an i n t r a c e l l u l a r  e le v a t io n  
of cAMP le v e l s  on je ju n a l  su rface  pH was examined by th ree  
d i f f e r e n t  methods: exogenously applied  8-bromo cAMP and mucosal
exposure to  fo r s k o l in  or cho lera  to x in .  All th ree  methods 
r e s u l te d  in  th e  je ju n a l  su rface  pH r i s in g  to  very s im i la r  values 
which were con s id e rab ly  lower than those achieved a f t e r  exposure 
to  th e  cGMP e le v a t in g  a g en ts .  The com paratively  small su rface  pH 
e le v a t io n  observed with fo r sk o l in  resembled the reduced, but 
s t i l l  s i g n i f i c a n t ,  luminal a c i d i f i c a t i o n  observed in perfused 
je ju n a l  loops a f t e r  exposure to  f o r s k o l in .  With cholera  to x in ,  
th e re  was a th re e  hour delay before  any surface  pH changes became 
ev iden t but t h i s  was expected given the known delay of cholera 
to x in  induced in t e s in a l  f lu id  s e c re t io n  (S chaffe r  e t  a l . ,  1970;
Guerrant e t  a l . ,  1972). Prolonged exposure, to  cholera  tox in  had 
no e f f e c t  on th e  je ju n a l  su rface  pH. This i s  more evidence th a t  
cAMP dependent s ec re to ry  agents a re  f a r  le s s  capable of inducing 
su rface  pH changes than those dependent on cGMP.
Why th e re  should be th i s  d if fe ren ce  between cGMP and cAMP is  
p u zz lin g .  In mammalian small i n t e s t i n e  increased i n t r a c e l l u l a r  
cGMP le v e l s  cause changes in t ra n s p o r t  s im ila r  to  the t ra n s p o r t  
changes r e s u l t in g  from increases  in cAMP le v e ls  (F ield  e t  a l . ,  
1978; Murad, Arnold, M itta l  & Broughler, 1979j Rao & F ie ld ,  1984; 
Rao, 1985). A po ss ib le  exp lana tion  fo r  th e  apparent d iffe rence  
observed in t h i s  study may l i e  in the re sp ec t iv e  loca t io n s  of 
a deny la te  and guanyla te  cyclase in the  in t e s t i n a l  e p i th e l i a l  
c e l l s .  An in c reas in g  g rad ien t of guanylate  cyclase  a c t i v i ty  from
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the  c ry p t c e l l s  to  the  upper v i l l u s  c e l l s  has been demonstrated 
in  the  r a t  small i n t e s t i n e  (de J o rg e , 1975; Q u ill  & Weiser, 
1975). Conversely, adeny la te  cyclase  a c t i v i t y  i s  g re a te s t  in the 
c ry p t c e l l s  and th e re  i s  a decreasing  g ra d ie n t  of a c t i v i t y  from 
the c ry p ts  to  the  upper v i l l u s  c e l l s  (de Jonge, 1975; Quill & 
W eiser, 1975). A d d it io n a l ly ,  guanylate  cyclase  i s  loca ted  almost 
e x c lu s iv e ly  in the  brush border membrane whereas adenylate 
cyc lase  i s  loca ted  in the  b a s o la te ra l  membrane (de Jonge, 1975; 
Q u ill  & W eiser, 1975). I t  might be expected from th i s  th a t  an 
increased  guany la te  cyclase  a c t i v i t y  would r e s u l t  in a h ighly  
concen tra ted  lo c a l  e lev a tio n  of cGM'P in  the  reg ion  of the brush 
b o rd e r .  Therefore i t  seems reasonable  to  assume th a t  th i s  would 
a f f e c t  brush border t r a n s p o r t  processes more e f f i c i e n t l y  than 
cAMP produced a t  the  b a s o la te ra l  membrane which must d if fu se  
ac ro ss  the cy toso l t o  the luminal membrane before e f fe c t s  on 
t r a n s p o r t  could occur. This cAMP would be con tinuously  broken 
down by cAMP phosphodies te rase , the  a c t i v i t y  of which is  high in 
the  r a t  jejunum (Loeschke, Farak, Gerzer & K erav is , 1987). There 
i s ,  th e re fo re ,  a p o s s i b i l i t y  th a t  the  cAMP le v e ls  experienced a t  
the  brush border membrane are  never high enough to  e l i c i t  a 
maximal a l k a l i n i s a t i o n .  The f in d in g  th a t  fo r sk o l in  combined with 
th e o p h y ll in e  produced an a l k a l i n i s a t i i o n  of the  mucosal surface 
pH in the  jejunum v i r t u a l l y  id e n t ic a l  to  the  response induced by 
STa toxin  is  c o n s is te n t  with t h i s  hypo thesis . Theophylline was, 
presumably, ac t in g  to  prevent cAMP breakdown, thereby allowing 
the  cAMP le v e ls  a t  the  brush border to  r i s e .  The same ac tio n
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would account f o r  th e  e le v a t io n  of surface  pH observed when 
th eo p h y ll in e  was applied  to  the  je ju n a l  mucosa a f t e r  prolonged 
exposure to  c h o le ra  to x in .  However, th eo p h y llin e  alone had no 
e f f e c t  on the  je ju n a l  su r fa ce  pH. This was su rp r i s in g  since an 
in h ib i t i o n  of cAMP and cGMP phosphodiesterases should lead to  an 
i n t r a c e l l u l a r  b u ild  up of both these  cy c lic  n u c le o t id e s .  
T herefo re , i f  cGMP and cAMP a re  responsib le  fo r  the  mucosal 
su r fa ce  a lk a l in i s a t io n  observed, exposure to  theophy lline  should 
induce su rface  pH changes. However, th eophy lline  is  a weakly 
basic  compound with a pKa of 8.75 and according to  the 
Henderson-Hasselbach equation , a t  the pH p re v a i l in g  a t  the 
mucosal su r fa ce  of the unchallenged jejunum i t  w i l l  e x is t  
predom inantly  in the  ionised form. From the  pH p a r t i t i o n  
hypothesis  (Shore e t  a l . ,  1957) weak e le c t r o ly te s  only  permeate 
the  i n t e s t i n a l  ep ithe lium  in the  unionised form. Therefore, th e re  
is  a p o s s i b i l i t y  th a t  in s u f f i c i e n t  theophylline  e n te r s  the 
e n te ro cy te  to  induce any e f f e c t s .  A fte r  trea tm en t with fo r sk o l in  
and cho lera  to x in  the re  was a s ig n i f ic a n t  e lev a tio n  of the 
je ju n a l  su rface  pH which would increase  the  proportion  of 
un ion ised  theophy lline  presented to  the mucosal su r fa ce .  
Theophylline would then e n te r  the  c e l l  by non-ionic d i f fu s io n  
he lp ing  to  in c rease  cAMP le v e ls  and causing a fu r th e r  increase  in 
su rface  pH. T his , in tu rn ,  would allow more theophy lline  to  e n te r  
the  c e l l  u n t i l  a maximal e f f e c t  was achieved.
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The p resen t r e s u l t s  do no t preclude the p o s s i b i l i t y  th a t  there  is  
a fu n c t io n a l  d i f f e re n c e  between cGMP and cAMP. The enhancement of 
fo r sk o l in  and cho lera  tox in-induced  mucosal a lk a l in i s a t io n  in the 
presence of th e o p h y ll in e  could be e q u a lly  w ell explained by an 
inc rease  in  cGMP le v e ls  s ince theophylline  in h ib i t s  cGMP 
phosphodiesterase  to  the  same e x te n t  as cAMP phosphodiesterase 
(Q uill  & W eiser, 1975). The high a c t i v i t y  of guanylate  cyclase  in 
the  i n t e s t i n a l  brush border (de Jonge, 1975; Q uill & Weiser, 
1975) would norm ally m aintain high cGMP le v e ls  in  t h i s  region in 
the  absence of cGMP phosphod ieste rase . The find ing  th a t  high 
c o n cen tra t io n s  of mucosally adm inistered 8-bromo cAMP had a 
r e l a t i v e l y  minor e f f e c t  on je ju n a l  surface  pH is  c o n s is te n t  with 
cGMP being the more p o ten t  e f f e c to r  of su rface  pH changes. Future 
experiments measuring t i s s u e  cGMP and cAMP le v e ls  a f t e r  je ju n a l  
exposure to  the  various agents te s te d  may provide a more 
d e f in i t iv e  conclusion  on the  r e l a t i v e  e f fe c t iv en e ss  of cAMP and 
cGMP. However, the  p resen t r e s u l t s  r a i s e  the p o s s i b i l i t y  th a t  
s e c re to ry  d ia rrh o ea  induced by cGMP e leva ting  en te ro to x in s  may be 
c h a ra c te r is e d  by ac id -base  changes a t  the mucosal su rface  of the 
upper small i n t e s t i n e  which may no t be ev iden t with cAMP mediated 
i n f e c t i o n .
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4.4 E ffec t  of o th e r  secretagogues on .ie.iunal f l u i d  tra n sp o r t  and 
luminal ac id -base  balance 
One of the  p r in c ip le  aims of t h i s  p ro je c t  was to  f ind  methods of 
e f f i c i e n t l y  and r e l i a b l y  a l t e r i n g  the i n t e s t i n a l  microclimate pH 
so th a t  experiments could be undertaken which te s ted  the 
m icroclim ate  hy p o th es is .  The e f f e c t s  of E .c o l i  STa e n te ro to x in  
obviously f u l f i l l e d  t h i s  o b je c t iv e .  However, the supp lies  of STa 
a v a i la b le  were l im ited  s in c e ,  fo r  much of the  period of re sea rc h ,  
no commercially produced STa ex is ted  and the f a c i l i t i e s  fo r  
m icrob io log ica l  p roduction  and p u r i f i c a t io n  of en te ro tox in  were 
n o t a v a i l a b le .  T herefore , an a ttem pt was made to  f ind  a l t e r n a t iv e  
agen ts  which would induce su rface  pH changes.
In previous in v i t r o  c l i n i c a l  s tu d ie s  of su rface  pH in the human 
jejunum (Lucas & B la i r ,  1978; Lucas e t  a l . ,  1978), values were
obtained from in d iv id u a l  cases whose c l i n i c a l  d iagnosis was
e lu s iv e  (Lucas, personal communication). This i s  apparen tly  not
unusual as approximately on ly  one h a l f  of p a t ie n ts  a ttend ing  a 
ro u t in e  gas tro en te ro lo g y  c l i n i c  have i l l n e s s  which is  diagnosed. 
F requen tly , p re c ise  d iagnosis  i s  not made although trea tm ent 
a l l e v i a t e s  symptoms. One iso la te d  case gave a puzzling ly  high 
value fo r  je ju n a l  mucosal su rface  pH a t  the time of in v e s t ig a t io n  
and was subsequently  found to  be su ffe r in g  from concealed 
la x a t iv e  abuse. This is  an in c reas in g ly  recognised syndrome 
(M oriarty , 1987). The id e n t i f i e d  lax a t iv e  was 'Dorbanex', a 
commercially a v a i la b le  an th r  a quin one . For th is  reason, the 
e f f e c t s  of ’Dorbanex' on a sp ec ts  of in t e s t i n a l  func tion  was
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t e s t e d .
•Dorbanex* in h ib i te d  luminal a c i d i f i c a t i o n  in  th e  jejunum while 
inducing mild f l u i d  s e c re t io n .  However, the s u r f a c ta n t  na ture  of 
the  la x a t iv e  made i t s  f u r th e r  use im p r a c t ic a l . Additional 
h i s to lo g ic a l  evidence suggested th a t  the p repara t ion  induced 
profound s t r u c tu r a l  changes in  the  i n te s t in e  and th i s  might 
complicate the i n te r p r e ta t io n  of any drug absorp tion  study 
involving ’Dorbanex’ . The in h ib i t i o n  of je ju n a l  a c id i f i c a t i o n  
observed in the ' Dorbanex’- t r e a te d  jejunum suggests  th a t  changes 
in surface  pH may have occurred . The ac t iv e  in g re d ie n t  of 
'Dorbanex' i s  an anthraquinone d e r iv a t iv e ,  danthron. This c la s s  
of compounds has been shown to  in h ib i t  f l u i d ,  sodium and ch lo ride  
t r a n s p o r t  in the r a t  jejunum (Leng-Peschlow, 1980). I t  is  a 
p o s s i b i l i t y  th a t  th e  in h ib i t i o n  of luminal a c id i f i c a t io n  observed 
could be due to  an in h ib i t io n  of the Na+-H+ exchange process in 
the jejunum. Unlike STa, fo r sk o l in  and cholera  to x in ,  the 
anthraquinones do no t a c t  through c y c l ic  n u c leo t id e s ,  Ca^+ being 
the proposed mediator of la x a t iv e  ac t io n  (Donowitz, Wicks & 
B a t t i s t i ,  1984). However, the  exact na tu re  of Ca2+ involvement 
has yet to  be e lu c id a te d .
In ano ther s e r ie s  of experiments, Clostridium perfr in g en s  
e n te ro to x in  f a i l e d  to  a l t e r  a c id i f i c a t io n  of the je ju n a l  lumen 
and only  caused a mild in h ib i t io n  of f lu id  ab so rp tion . This was 
s u rp r i s in g  s ince a previous study demonstrated th a t  th i s  
e n te ro to x in  induced s e c re t io n  of f l u i d ,  sodium and ch lo ride  in
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the  r a t  ileum (McDonel, 1974). However, when n e t  t ra n sp o r t  of 
sodium was reso lved  in to  u n id i r e c t io n a l  f lu x e s  (McDonel & Asano, 
1975) en te ro to x in  was found no t  t o  a f f e c t  sodium absorp tion  but 
to  in c rease  the  sodium e f f lu x  in to  the  lumen tw o-fo ld . This would 
account fo r  the  f a i l u r e  of en te ro to x in  to  a l t e r  luminal 
a c id i f i c a t i o n  in  the  jejunum since  presumably the Na+-H+ exchange 
could continue unhindered . The r e l a t i v e  f a i l u r e  of en te ro to x in  to  
a l t e r  f lu id  t r a n s p o r t  may a l s o  be explained by the  find ing  th a t  
en te ro to x in  is  on ly  m ild ly  a c t iv e  in the  jejunum and n e a r ly  
in a c t iv e  in the  duodenum (McDonel & Duncan, 1977). Therefore, in 
r e t r o s p e c t ,  the p resen t r e s u l t s  obtained from experiments on the  
e f f e c t s  of C .p erfr in g en s  en te ro tox in  a re  c o n s is te n t  with 
published o b se rv a tio n s .
4.5 E ffec t  of E .c o l i  STa to x in  on i n t e s t i n a l  drug absorp tion  
According to  the  m icroclim ate  hypothesis (Hogben e t  a l . ,  1959), 
because weak e le c t r o ly te s  w i l l  only  p a r t i t i o n  in to  the c e l l  
membrane by non-ionic d i f f u s io n ,  th e  pH p re v a il in g  a t  the  mucosal 
su rface  should determine the r a t e  a t  which weakly d is so c iab le  
compounds t ra v e rs e  the  i n t e s t i n a l  ep ithe lium . An e lev a t io n  of the  
m icroclim ate  pH, as observed with STa, should promote weak base 
ab so rp tio n  but h inder weak acid abso rp tion  (F igure 3 .29).  To t e s t  
t h i s ,  so lu t io n s  of f iv e  weakly d is so c ia b le  drugs, two weak acids 
( s a l i c y l i c  acid and phenytoin) and th re e  weak bases (amphetamine, 
l ignoca ine  and morphine) were perfused through r a t  je juna l loops 
in  vivo in the  presence and absence of STa. Because the s tudied
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drugs were C -label led compounds i t  should be noted th a t  
monitoring changes in the Isotope a c t i v i t y  does no t n e c e s s a r i l ly  
r e p re se n t  changes in  the  co n cen tra t io n  of the  pa ren t m olecule. 
However, the  apparatus necessary  fo r  a more s o p h is t ic a te d  
a n a ly s is  o f  drug t r a n s p o r t  was n o t a v a i lab le  and th e re fo re  th is  
l im i t a t i o n  should be taken in to  co n s id e ra t io n .  In the following 
d is cu s s io n  the  f iv e  drugs s tudied  w i l l  be considered 
in d iv id u a l ly .
( i )  S a l ic y l ic  acid
In a previous study from th i s  lab o ra to ry  (Lynch, 1986) i t  was 
demonstrated th a t  s a l i c y l i c  acid absorp tion  is  s ig n i f i c a n t ly  
reduced in  the  presence of STa. However, the  method fo r  analysing 
blood adopted involved burning the samples on f i l t e r  paper in 
ano ther la b o ra to ry .  This technique was u n re l ia b le  and the 
subsequent lo s s  of samples was u n s a t i s f a c to r y .  Therefore i t  was 
decided to  repea t the  s a l i c y l i c  acid abso rp tion  experiments 
adapting a modified blood processing procedure. By reproducing 
previous r e s u l t s  i t  was hoped th a t  these experiments would 
provide a check on the e f f ic acy  of the supplied  e n te ro to x in .
S a l ic y l ic  acid was the  most ra p id ly  absorbed drug of the  f iv e  
s tu d ie d .  As repo rted  o r ig in a l ly  by Schanker and co-workers (1958) 
t h i s  r a t e  of ab so rp tio n  is  h igher than would be p red ic ted  by the  
pKa of the  drug (3 .0) a t  the pH of the luminal p e r fu sa te .  
However, as has been demonstrated in th i s  study , the  r a t  jejunum 
m aintains nn f acid m icroc lim ate1 a t  the mucosal su rface  which
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perm its weakly a c id ic  conpounds to  be absorbed a t  a f a s t e r  r a t e  
than would o therw ise  be p o s s ib le .  A d d it io n a lly ,  s a l i c y l i c  acid is  
a small molecule (raw 138) and, th e re fo re ,  th e re  i s  a p o s s i b i l i t y  
th a t  drug permeation through the  p a r a c e l lu la r  pathway might be 
c o n tr ib u t in g  to  the  rap id  abso rp tion  r a t e  observed. Supporting 
t h i s ,  i t  has been demonstrated t h a t  s a l i c y l i c  acid abso rp tion  can 
be a l t e r e d  by imposed osmotic loads which may cause so lven t 
movements through the  p a r a c e l lu la r  pathway (Ochsenfahrt & Winne, 
1974; K arino, Hayashi, Horie, Awazu, Minawi & Hanano, 1982; 
K arino, Hayashi, Awazu & Hanano, 1982a). In the  presence of STa 
s a l i c y l i c  acid  absorp tion  was reduced by 40$. The s im i la r ly  lower 
p e r ip h e ra l  blood drug con cen tra t io n s  a f t e r  STa challenge 
confirmed th a t  the  reduc tion  in  drug absorp tion  rep resen ted  a 
red u c tio n  in t o t a l  drug t r a n s f e r  r a th e r  than ju s t  c e l l u l a r  
u p tak e .  I t  i s  u n l ik e ly  th a t  these  lower blood drug concen tra tions  
a re  due to  an STa-increased ren a l blood c learance  since STa has 
been shown to  have no e f fe c t  on the kidney (Guerrant e t  a l . ,  
1980; Rao, Guandalini, Smith & F ie ld ,  1980). This reduced 
ab so rp tio n  accords with STa e lev a tin g  the je ju n a l  microclim ate pH 
thereby  lowering the  p roportion  of unionised spec ies  presented a t  
the  mucosal s u r fa c e .  However, the  lower r a t e  of uptake could a lso  
r e s u l t  from reduced so lven t d rag , s ince th e re  was e s s e n t i a l l y  no 
n e t  f l u i d  absorp tion  in the STa t re a te d  jejunum. Both su rface  pH 
change and reduced so lven t drag probably con tribu ted  to  the 
observed red u c tio n  to  s a l i c y l i c  acid absorp tion .
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( i i )  Phenytoin
S a l ic y l ic  acid  is  a r e l a t i v e l y  s trong weak acid  with a low pKa
(3 .0 ) ,  however, no high pKa weak ac id s  had been in v e s t ig a te d .  The
only  drug f a l l i n g  in to  t h i s  category  which was a l s o  a v a i la b le  as 
14a C -lab e l led  compound was the  l ip id  so lub le  a n t i e p i l e p t i c ,  
phenytoin . Phenytoin is  no t a carboxylic  acid but i t  r e a d i ly  
undergoes ke to -eno l tau tcm erism , thereby  providing a d is so c iab le  
group. The pKa of phenytoin is  8 .3 , and th e re fo re ,  un lik e  
s a l i c y l i c  a c id ,  a t  the  normal pH p re v a i l in g  a t  the  je ju n a l  mucosa 
phenytoin w i l l  e x i s t  predominantly in the u n ion ised , permeable 
form. The phenytoin molecule i s  a l s o  almost twice as la rge  as the  
s a l i c y l i c  acid molecule and th e re fo re  so lven t drag should not 
have such a pronounced e f f e c t  on drug a b so rp tio n .  Phenytoin was 
absorbed f a i r l y  r a p id ly  from the unchallenged je ju n a l  lumen, as 
would be expected from the  pKa of the  molecule. A fte r  exposure to  
STa, phenytoin absorp tion  was markedly reduced, although the 
red u c tio n  was not s t a t i s t i c a l l y  s ig n i f i c a n t .  S im ila r ly ,  
p e r ip h e ra l  blood drug concen tra tions  were lower in  to x in - t r e a te d  
an im als, a lthough , again these  were not s ig n i f i c a n t ly  d i f f e r e n t  
from c o n t ro ls .  However, when the phenytoin data was analysed in 
terms of a f i r s t  o rder pharmacokinetic model, the  ab so rp tion  r a t e  
cons tan t obtained f o r  the STa t r e a te d  in te s t in e  was s ig n i f i c a n t ly  
lower than th a t  obtained fo r  the  un trea ted  t i s s u e .  The high pKa 
of phenytoin probably accounts fo r  the lack of s ig n if ic an ce  in 
the  STa-induced changes to  the  drug absorp tion  r a t e .  As has been 
demonstrated in t h i s  s tudy , the mucosal su rface  pH of r a t  jejunum
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i s  e leva ted  to  nea r  n e u t r a l  values by STa. However, even with an 
in c rease  of one pH u n i t ,  phenytoin would s t i l l  e x i s t  
predominantly in the  union ised  form. T herefore , i t  would be 
expected t h a t  a l a r g e r  e le v a t io n  of su rface  pH, as observed in 
the  ileum, might e f f e c t  more prominent changes in  phenytoin 
a b so rp tio n  r a t e .
An in te r e s t in g  aspect of phenytoin and some of the  o the r  drugs 
s tu d ied  i s  t h e i r  a c t io n  on n eu ra l  fu n c t io n .  This i s  an im portant 
c o n s id e ra t io n  s ince  neural co n tro l  of f lu id  abso rp tion  is  w ell 
known. There i s  th e re fo re  a p o s s i b i l i t y  th a t  these  drugs might 
a f f e c t  t h e i r  own uptake by a l t e r in g  i n t e s t i n a l  fu n c tio n s  such as 
f l u i d  t r a n s p o r t  or su rface  pH.
Phenytoin caused a modest n e t  f lu id  s e c re t io n  in to  the  je ju n a l  
lumen in c o n tro l  experiments. Drug-induced in h ib i t io n  of 
sympathetic pathways or a s t im u la t io n  of cho line rg ic  pathways 
could both r e s u l t  in ne t f l u i d  s e c re t io n .  In h ib i t io n  of 
sympathetic nerves would e s s e n t i a l l y  re le a se  a 'b ra k e ’ on f lu id  
se c re t io n  which might exp lain  the massive enhancement of 
STa-induced s e c re t io n  observed in the  presence of phenytoin.
Regardless of mechanism, there  is  a p o s s i b i l i t y ,  as with 
s a l i c y l i c  a c id ,  t h a t  the  reduced absorp tion  of phenytoin in the 
presence of STa might a lso  be due to  a reduced f lu id  movement. 
However, the  magnitude of the  STa-induced f lu id  s ec re t io n  was 
very la rg e .  I f  so lv en t  drag made an imp or tan t  co n tr ib u tio n  to  the 
ab so rp tio n  r a t e  a more pronounced reduction  in absorp tion  would
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be expected . T here fo re , i t  would appear t h a t  so lven t drag is  not 
a p a r t i c u l a r ly  s ig n i f i c a n t  f a c to r  in  phenytoin abso rp tio n .  This 
would suggest th a t  th e  e leva ted  su rface  pH a f t e r  STa challenge 
re s u l te d  in  a reduced weak acid  uptake due to  an increase  in the 
p ro p o r t io n  of ion ised  spec ies  in  the  m icroclim ate reg ion .
( i i i )  Amphetamine
While the  r e s u l t s  of the  experim ents with the  weak acids a re  as 
p red ic ted  by the m icroclim ate  hypo thesis ,  they did not provide 
conclusive  evidence in i t s  fav o u r.  A t e s t  of the  hypothesis is  to  
see whether e le v a t io n  of su r fa ce  pH is  a ssoc ia ted  with increased 
weak base a b so rp t io n .  Under these  co n d itio n s  weak base absorp tion  
may inc rease  d e sp ite  unfavourable  changes in the d i re c t io n  or 
magnitude of n e t  f l u i d  t r a n s p o r t .  This type of experiment to  a 
la rg e  ex ten t  removes the obscuring e f f e c t  of change in f lu id  
movement s ince  any e f f e c t s  would tend to  work a g a in s t  the 
hypothesis  under t e s t .  In a ttem pt to  achieve t h i s ,  je ju n a l  
ab so rp tio n  of the  weak base , amphetamine, was s tu d ied .  
Amphetamine i s  a r e l a t i v e l y  s tro n g  weak base (pKa 9.9) and hence 
a t  the  pH p rev a i l in g  a t  the  mucosal surface of the  unchallenged 
jejunum i t  w i l l  e x is t  predominantly as the ionised sp ec ie s .  
Because of t h i s  the  r a t e  of amphetamine absorp tion  is  normally 
very low compared to  s a l i c y l i c  acid and phenytoin. A fter exposure 
to  STa, amphetamine uptake from the i n t e s t i n a l  lumen almost 
doubled. This increased drug absorp tion  was confirmed by 
s im i la r ly  increased amphetamine lev e ls  in the periphera l b lood .
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The enhanced drug uptake was d e sp i te  a very considerab le  f lu id  
s e c re t io n  and th e re fo re ,  a lthough amphetamine i s  a r e l a t i v e l y  
small molecule (mw 184), t h i s  r e s u l t  cannot be explained in terms 
of s o lv e n t  d rag . Indeed the p o s s i b i l i t y  e x i s t s  th a t  t h i s  f l u i d  
s e c re t io n  was masking an even g re a te r  increase  in drug 
ab so rp t io n .  I t  th e re fo re ,  seems most l i k e ly  th a t  the e levated  
m icroclim ate  pH in the  STa-challenged jejunum is  responsib le  fo r  
the  promotion of amphetamine ab so rp tion . This, then , can be 
considered as s t ro n g e r  evidence fo r  the  microclim ate hypothesis 
as i t  i s  d i f f i c u l t  t o  exp la in  th i s  r e s u l t  in any o th e r  term s.
( iv )  Morphine
Morphine was the  l e a s t  well absorbed of the  drugs under 
in v e s t ig a t io n  in t h i s  s tu d y . In f a c t ,  under con tro l  cond itions  
morphine ab so rp tio n  from the  je ju n a l  lumen was almost n e g l i g i b l e . 
This was expected s ince morphine was, by f a r ,  the most lipophobic 
molecule of the  f iv e  drugs s tu d ie d .  As with amphetamine, when the 
jejunum was exposed to  STa to x in  morphine absorp tion  was 
increased  almost e ig h t - fo ld .  Despite th i s  apparen tly  massive 
inc rease  the  ab so rp tio n  r a t e  was s t i l l  r e l a t i v e l y  low and, as a 
consequence, the  p e rip h e ra l  blood drug le v e ls  were a lso  low. 
There was a s ig n i f i c a n t  increase  in the blood morphine le v e ls  and 
th e re fo re  the  t o t a l  t r a n s f e r  of morphine was increased by 
STa-challenge. As with amphetamine, e lev a tio n  of the r a t e  of 
morphine ab so rp tio n  occured d e sp i te  unfavourable f lu id  se c re t io n  
and th e re fo re ,  an increase  in je ju n a l mucosal su rface  ph would
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appear to  be the most l i k e l y  exp lana tion  of t h i s  r e s u l t  providing 
f u r th e r  evidence f o r  the  m icroclim ate  h y po thesis .
(v) Lignocaine
As i t  had th e  low est pKa (7 .9 ) of th e  th re e  weak bases t e s t e d ,  
l ignoca ine  would be le s s  ion ised  a t  the normal je ju n a l  
m icroclim ate  pH than e i t h e r  amphetamine or morphine. 
Correspondingly, l ignoca ine  had a h igher absorp tion  r a t e  than 
e i t h e r  amphetamine or morphine under con tro l co n d it io n s .  A fte r  
exposure to  STa, l ignoca ine  uptake was s ig n i f i c a n t ly  enhanced, 
increased  blood drug co n cen tra t io n s  confirmed th a t  to t a l  drug 
t r a n s f e r  was in c reased .  As with amphetamine and morphine, 
ab so rp tio n  increased d e sp i te  ongoing f lu id  s e c re t io n ,  thereby 
e lim in a tin g  so lv en t  drag as a p o ss ib le  cause and providing more 
evidence fo r  the  mucosal surface  pH being the primary determ inant 
of drug absorp tion  r a t e .
However, although E .c o l i  STa tox in  seemed to  have provided an 
inva luab le  too l with which to  in v e s t ig a te  the  microclimate 
hypothesis the re  was a p o s s i b i l i t y  th a t  the observed e f f e c t s  on
drug abso rp tion  were p e c u l ia r  to  the  STa-treated jejunum. To
ensure th a t  t h i s  was not the case , the combined e f fe c t s  of
fo r sk o l in  and theophy lline  on je ju n a l  l ig n o ca in e  absorp tion  was 
in v e s t ig a te d .  These compounds combined to  induce an e leva tion  of 
the  je ju n a l  mucosal surface pH which was v i r t u a l l y  id e n t ic a l  in 
both time course and magnitude to  the a lk a l in i s a t io n  induced by
STa. However, s i n c e  b o t h  t h e o p h y l l i n e  and f o r s k o l i n  ac t on
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com pletely  d i f f e r e n t  processes  to  STa, i t  would seem u n l ik e ly  
th a t  any e f f e c t  on drug abso rp tion  induced by these  compounds 
would be th e  r e s u l t  of anything o th e r  than surface  pH e f f e c t s .  
F o rsko lin  and theophy lline  enhanced lignoca ine  absorp tion  to  
l e v e l s  no t s ig n i f i c a n t l y  d i f f e r e n t  from those observed a f t e r  
STa-challenge. The increased  blood drug concen tra tions  were 
s im i la r ly  no t s i g n i f i c a n t l y  d i f f e r e n t  from those obtained with 
ST a-treated  anim als. T h is ,  then , was almost in c o n tro v e r t ib le  
evidence t h a t  mucosal su rface  pH changes were the cause of the  
promoted lignoca ine  ab so rp t io n .  This conclusion was s trengthened 
by the  o b serva tion  th a t  the  fo r sk o l in / th e o p h y l l in e  combination 
induced a f l u i d  se c re t io n  almost th ree  times g re a te r  than th a t  
induced by STa, in d ic a t in g  t h a t ,  fo r  t h i s  weak base , su rface  pH 
is  a much more im portant determ inant of permeation than so lven t 
d ra g .
I n t e r e s t i n g ly ,  in  the  presence of l ig n o c a in e ,  STa-induced f lu id  
s e c re t io n  was enhanced when compared to  STa-treatment a lone . This 
i s  co n tra ry  to  the  f ind ings  of ano ther study (Eklund, Jodal & 
Lundgren, 1985) in which je ju n a l  f l u i d  sec re t io n  induced by STa 
was in h ib i te d  by s e r o s a l ly  adm inistered l ig n o ca in e .  This was 
in te rp re te d  as evidence th a t  STa-induced sec re t io n  may be 
mediated by lo c a l  re f le x e s  in the  e n te r ic  nervous system. Sim ilar 
evidence fo r  n e u ra l ly  mediated i n t e s t i n a l  f lu id  sec re t io n  has 
a l s o  been presented fo r  cho lera  toxin  (Cassuto, Joda l,  T u ttle  & 
Lurrlgren, 1981) and 5-hydroxytryptamine (Cassuto, Joda l,  T u t t le  & 
Lundgren, 1 9 8 2 ) .  H o w e v e r ,  t h e  p r e p a r a t i o n  u se d  in  t h e s e
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experiments was very d i f f e r e n t  from the  one adopted in the 
p resen t s tu d y . The i n t e s t i n a l  loop under in v e s t ig a t io n  was 
com pletely  i s o la te d  from th e  remainder of the  i n t e s t i n e  which was 
then com pletely  removed. All the  e x t r in s i c  nerves supplying the 
loop were removed leav ing  the  t i s s u e  devoid of autonomic neura l 
c o n t ro l .  In c o n t r a s t ,  in  the present experiments the 
g a s t r o i n t e s t i n a l  t r a c t  was d is tu rbed  as l i t t l e  as possib le  and 
the i n t e s t i n a l ,  loop p rep a ra t io n  had a f u l l  nervous supply . There 
a re  th e re fo re  too many fa c to r s  which may be involved to  make 
d i r e c t  comparisons. However, the present r e s u l t s  a re  not 
c o n s i s te n t  with the  concept of i n t r i n s i c  neura l involvement in 
STa-induced i n t e s t i n a l  f l u i d  s e c re t io n .
Lignocaine, l ik e  phenyto in , amphetamine and morphine caused a 
marked in h ib i t io n  of f l u i d  absorp tion  from con tro l loops of 
jejunum. S a l ic y l ic  acid a l s o  reduced f lu id  uptake but not to  such 
a la rg e  e x te n t .  There i s  no obvious, reason why these agents 
should a f f e c t  i n t e s t i n a l  f lu id  a b so rp tio n .  A p o s s i b i l i t y  i s  th a t  
they a l l  a c t  to  some ex ten t  on the autoncmic nerves a f fe c t in g  the 
i n t e s t i n e  s ince in h ib i t in g  th e  sympathetic pathways or 
s t im u la t in g  the c h o lin e rg ic  pathways would cause a reduc tion  in 
n e t  f lu id  uptake as measured by the  p resen t method. In the  case 
of l ig n o ca in e ,  i t  can be envisaged th a t  there  might be a lo ca l  
a n a e s th e t ic  blocking a c t io n  on a l l  a f f e r e n t  nerves supplying the 
t i s s u e .  I t  i s  believed  t h a t ,  under normal co nd itions , the 
sympathetic nervous system continuously  in h ib i t s  an ongoing f lu id  
se c re t io n  s ince  small i n t e s t i n a l  sec re t io n  is  enhanced in ca ts
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a f t e r  s e c t io n in g  of th e  sp lanchnic  nerves (Wright, Jennings, 
F lo rey  & Lium, 1940). A d d it io n a l ly ,  damage to  the  sympathetic 
nerves induced by d iab e tes  m e l l i tu s ,  or chemical a b la t io n  with 
6-hydroxydopamine, reduces the  basa l r a te s  of ion and w ater 
ab so rp tio n  in the r a t  ileum and colon (Chang, Bergenstal & F ie ld ,
1983). Local a n a e s th e t ic  a c t io n  on the  sympathetic input to  the  
gut should , th e re fo re  r e s u l t  in a marked reduc tion  to  f l u i d  
ab so rp tio n  as observed with l ig n o c a in e .  However, phenytoin and 
amphetamine both induced a s ig n i f i c a n t  n e t  f l u i d  s e c re t io n .  This 
may have been due to  a sp e c i f ic  a c t io n  of these  drugs on the  
sympathetic nerves but i t  could a lso  be due to  drug induced
changes to  i n t r a c e l l u l a r  biochemical p rocesses .
In summary, exposing r a t  jejunum to  E .c o l i  STa e n t e r o t o x i n  
r e s u l te d  in  an enhanced absorp tion  of th ree  weakly basic  drugs, 
amphetamine, morphine and l ig n o c a in e ,  while reducing the
abso rp tion  of two weakly a c id ic  drugs, s a l i c y l i c  acid and 
phenytoin . In a l l  cases the  increased weak base absorp tion  
occured d e sp i te  considerab le  unfavourable f l u i d  sec re t io n  thereby 
excluding so lv en t  drag from accounting fo r  the  observed changes. 
These r e s u l t s  a re  in accordance with p red ic t io n  using the 
m icroclim ate  hypothesis in th a t  the a l t e r a t i o n s  to  weak
e l e c t r o ly te  absorp tion  a re  co n s is te n t  with an STa induced
e le v a t io n  of the  je ju n a l  m icroclim ate pH. The observation  th a t  
the fo rsk o l in / th e o p h y l l in e  combination induced a very s im ila r  
enhancement of l ig n o ca in e  ab so rp tion  to  th a t  observed with STa  
confirmed th i s  conclusion . The a d d i t i o n a l  f i n d i n g  t h a t  STa a l s o
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a lk a l in i s e s  the  i l e a l  mucosal su r fa ce  suggests  th a t  the changes 
observed in th e  jejunum would a l s o  occur in  the  ileum.
According to  the  Henderson-Hasselbach equation , an e lev a tio n  of 
mucosal su rface  pH of the  magnitude measured in  th i s  study a f t e r  
STa-challenge would cause a f iv e - f o ld  change in the r a t i o  of 
ion ised :u n io n ised  spec ies  presented a t  the mucosal su r fa ce .  
However, w ith the exception of morphine, the  changes in drug 
ab so rp tio n  observed were co n s id e rab ly  l e s s  than t h i s .  This was 
no t unexpected s ince  the  u n s t i r r e d  lay e r  and o th e r  second order 
in t e r a c t io n s  w i l l  p revent th e  m icroclim ate  from exerting  i t s  f u l l  
e f f e c t .  There was a tendency fo r  the le s s  l ip id  so lub le  molecules 
to  have t h e i r  ab so rp tio n  r a t e s  a ffec ted  more by STa-challenge, 
although t h e i r  abso rp tion  r a t e s  from the  u n trea ted  t i s s u e  were 
lower than those of the  more l ip id  so luble  molecules. I t  was 
demonstrated in the  p resen t s tudy  t h a t ,  under con tro l c o n d it io n s ,  
th e re  is  good c o r r e la t io n  between l ip id  s o lu b i l i t y  and the  r a t e  
a t  which the  in d iv id u a l  molecules were absorbed. Therefore , i t  
would appear t h a t  the  mucosal su rface  pH and l ip id  s o lu b i l i t y  a re  
the  im portant f a c to r s  governing weak e le c t ro ly te  abso rp tion . 
Solvent drag seems to  be only  im portant fo r  small molcules , such 
as s a l i c y l i c  a c id ,  suggesting  th a t  the m ajority  of t ra n sp o r t  
occurs a c ro ss  the  c e l l  membrane.
I t  has been proposed (Dietschy e t  a l . ,  1971? Winne, 1977) th a t  
the u n s t i r r e d  water lay e r  can account fo r  a l l  dev ia tions  in weak 
e l e c t r o l y t e  abso rp tion  from the  pH p a r t i t i o n  hypothesis . In the
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p re sen t  experiments reduced weak acid uptake could be explained 
by a thickened u n s t i r r e d  la y e r  in the  presence of en te ro to x in .  
However, th e  same en te ro tox in  would have to  th in  the  u n s t i r re d  
la y e r  to  cause enhanced weak base a b so rp tio n .  I t  seems u n l ik e ly  
t h a t  STa would have s p e c i f i c  e f f e c t s  on u n s t i r r e d  la y e r  th ickness  
depending on whether the absorbed molecule i s  a weak acid or weak 
base . T herefore , although the  p o s s i b i l i t y  e x i s t s ,  the  
p r a c t i c a l i t i e s  of the s i tu a t io n  would tend to  dismiss the 
u n s t i r r e d  la y e r  as being the  e f f e c to r  of the  changes to  weak 
e le c t r o ly te  abso rp tion  observed in t h i s  s tudy .
Another p o s s ib i l i t y  i s  t h a t  STa in sane way changes the 
perm eab il i ty  of the  brush border membrane to  the ionised spec ies  
pe rm itt ing  ion ised  perm eation. However, while increased c a t io n  
pe rm eab il i ty  might exp la in  the observed e f f e c t s  of STa on weak 
base abso rp tio n ,  th e re  would a lso  need to  be a reduced anion 
perm eab il i ty  to  exp lain  the  reduced weak acid uptake. This 
mechanism seems u n n e ce ssa r i ly  complex when mucosal surface  pH 
changes, which have been measured, can adequately  account fo r  
both s i t u a t i o n s .
4.6 Pharmacokinetic a n a ly s is  of drug absorp tion
In an attempt to  derive some f u r th e r  inform ation about the  
mechanism of drug abso rp tion  the luminal drug concen tra tion  data 
were subjected to  pharmacokinetic a n a ly s i s .  Two pharmacokinetic
models were applied in an attem pt to  describe  the drug absorption
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process . The f i r s t  of th e se ,  in which drug absorp tion  occurs by 
d i f f u s io n  ac ro ss  a s in g le  b a r r i e r  ( the  i n t e s t i n a l  ep ithelium ) 
provided a b e t t e r  model f o r  drug absorp tion  fo r  most of the  drugs 
in v e s t ig a te d ,  in  both the  c o n tro l  and to x in - t r e a te d  i n t e s t i n e ,  
than the  simple zero o rder model. The l a t t e r  would apply only  i f  
ab so rp tio n  were occurring a t  a co n s tan t  r a t e  and the  luminal 
c o ncen tra tion  declined  l i n e a r ly  with tim e. However, in  the 
p re sen t  experiments the  d e c l in e  over time of luminal drug 
co ncen tra tion  resembled an exponentia l process and th i s  provided 
a b e t t e r  f i t  fo r  the  d a ta .  Using a f i r s t  o rd e r  exponential model, 
f i r s t  order absorp tion  r a t e  co n s tan ts  were obtained fo r  both 
co n tro l  and tox in  t re a tm en ts .  In the  case of th e  two weak a c id s ,  
th e re  was a s ig n i f ic a n t  red u c tio n  in the absorp tion  r a t e  
co n s tan ts  a f t e r  STa-challenge whereas s ig n i f i c a n t  increases  were 
obtained with the th ree  weak bases . This confirmed the r e s u l t s  
obtained using the  more em pirical zero o rd e r  a n a ly s is  and 
provided a s ig n i f ic a n t  d if fe ren c e  fo r  phenytoin absorp tion  which 
was not observed with the  zero o rder  model.
However, i f  the microclim ate played an im portant ro le  in  the 
ab so rp tion  process i t  might be expected th a t  abso rp tion  k in e t ic s  
could be modelled incorpora ting  the m icroclim ate as an exchange 
compartment. A mathematical co n s id e ra t io n  of such a system 
provides a so lu t io n  which incorpora tes  two exponential term s. An 
attem pt was made to  f i t  t h i s  model to  luminal drug co ncen tra tion  
d a ta .  With amphetamine, morphine and phenytoin, the curve f i t t i n g  
d efau lted  to  a f i r s t  o rd e r ,  s in g le  exponential model. This is  not
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unusual and means th a t  no a d d i t io n a l  variance  in  the  data could 
be accounted fo r  by proposing a sep a ra te  ’r e s e r v o i r '  compartment 
a t  the  su r fa c e .  This does no t c o n t ra d ic t  the  idea of a 
m icroclim ate  but simply in d ic a te s  th a t  apparent change is  
rep resen ted  adequate ly  by a change in one perm eability  term. 
However, w ith s a l i c y l i c  acid and lignoca ine  two exponential 
processes described  both the  co n tro l  and to x in - t r e a te d  d a ta  and 
provided a b e t t e r  f i t  to  the  data than the  simpler s ing le  
exponential express ion . From the  estim ated param eters , i t  was 
p o ss ib le  to  c a lc u la te  the  r a t i o  of the r a t e  constan ts  ^ 2 3 ^ 2 1  
which compares the r a t e  of ab so rp tio n  in to  the  c e l l  ( k ^ )  with 
back d i f fu s io n  out of the su rface  compartment ( X ^ ) . In the  case 
o f s a l i c y l i c  a c id ,  STa reduced th i s  r a t i o  whereas the  r a t i o  fo r  
l ignoca ine  was in c reased . This was f u r th e r  evidence fo r  the  
m icroclim ate pH c o n tro l l in g  absorp tion  s ince th i s  i s  what would 
be expected with an e levated  su rface  pH.
4.7 Im plica tions  fo r  human I n te s t in a l  d isease
The present study  has demonstrated th a t  exposure to  the 
h e a t - s ta b le  en te ro tox in  of E .c o l i  (STa) r e s u l t s  in  an e lev a t io n  
of the  small i n t e s t i n a l  m icroclimate pH and th a t  th i s  surface pH 
s h i f t  a l t e r s  the r a t e  a t  which weakly d is so c ia b le  drugs permeate 
the  i n t e s t i n a l  ep ithe lium . S im ilar f ind ings  to  these have been 
observed with some types of human i n t e s t i n a l  d isea se .  Like the 
r a t ,  the  human jejunum m aintains an ac id ic  microclimate a t  the  
mucosal su r fa c e .  This has been measured d i r e c t ly  with
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m in ia tu r ise d  pH e lec tro d e s  on je ju n a l  biopsy samples taken from 
h ea lth y  human s u b je c ts  (Lucas & B la i r ,  1978; Lucas e t  a l . ,  1978;
K i t i s  e t  a l . ,  1982). Recently these  measurements were confirmed 
by d i r e c t  in s i t u  measurement of human je ju n a l  su rface  pH 
(Rawlings e t  a l . ,  1987). However, in  p a t i e n t s  with co e liac  or 
Crohn’s d isease  the  je ju n a l  su rface  pH i s  s ig n i f i c a n t ly  h igher 
than in normal su b jec ts  (Lucas e t  a l . ,  1978; Rawlings e t  a l . ,  
1987). In accordance with th e  m icroclim ate  hypo thesis , increased 
uptake of the  weak bases , p ropranolo l (Schneider e t  a l . ,  1976; 
Parsons, 1978), quinine and trimethoprim  (M ati l la  e t  a l . ,  1973) 
have been measured in p a t ie n t s  su f fe r in g  from these  d isease  
s t a t e s .  T herefore , from the p resen t r e s u l t s ,  there  is  a 
p o s s i b i l i t y  th a t  in c e r ta in  types of d ia rrh o ea  mediated by 
en te ro to x ig e n ic  b a c te r ia ,  e sp e c ia l ly  E . c o l i . the  mucosal su rface  
pH of human small in t e s t in e  may be a lk a l in i s e d .  This could have 
im portant im p lica t io n s  fo r  the  ad m in is tra t io n  of any weakly 
d is so c ia b le  drugs under such c o n d it io n s .  An e lev a tio n  of su rface  
pH may reduce the  th e rap eu tic  e f f ic a c y  of weakly a c id ic  drugs but 
a lso  may allow more absorp tion  of weak bases , which may be 
u n des irab le  i f  these a re  harmful. Although changes in weak 
e l e c t r o ly te  absorp tion  r a t e s  may be the most obvious consequence 
of a surface  pH s h i f t ,  many non-d issociab le  compounds have pH 
dependent uptake mechanisms while severa l membrane-associated 
d ig e s t iv e  processes could a l s o  be a f fe c te d .
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The observed pH changes may a l s o  be r e le v a n t  fo r  the  fo rm ulation  
of o ra l  reh y d ra tio n  s o lu t io n s .  These g lu c o se -e le c t ro ly te  
so lu t io n s  take advantage of th e  c a r r i e r  mediated t ra n s p o r t  in the  
i n t e s t i n e  (Crane, 1962) to  improve f l u i d  balance in  d ia rrh o ea l  
d isease  s t a t e s  (P h i l ip s ,  1964; N alin , Cash, Islam , Molla & 
P h i l ip s ,  1968). This simple therapy  removes the need fo r  
in travenous f lu id  a d m in is tra t io n  f o r  th e  reh y d ra tio n  of d ia rrhoea  
s u f f e r e r s  and allows the p o s s i b i l i t y  of trea tm en t in the f i e l d .  
The therapy is  inexpensive and has saved co u n tle ss  l iv e s  s ince 
i t s  in tro d u c t io n .  A re c en t  development in  o ra l  rehyd ra tion  
therapy  i s  the  supplementation of o ra l  re h y d ra tio n  so lu t io n s  with 
weak acids such as a c e ta te .  These a r e  assumed to  e n te r  the 
e p i t h e l i a l  c e l l s  as n e u tra l  forms which d i s s o c ia te  to  provide a 
proton fo r  luminal Na+:H+ exchange (F orsy th , Kapitany & Hamilton, 
1981). The increased n e t  sodium ion t r a n s p o r t  energ ises  f lu i d  
t r a n s p o r t  and presumably a t te n u a te s  th e  n e t  f lu id  s e c re t io n  
caused by e n te r o to x in s . However, c i t r a t e  and bicarbonate  o ra l  
reh y d ra tio n  so lu t io n s  seem only  to  enhance f lu id  absorp tion  in 
ch o le ra ic  but not non-cholera ic  se c re t io n  (WHO, 1985; Hoffman, 
Moechtar, Simanjuntak, Punjabi, Kumala, Su to to , S i l a l a h i ,  Sutopo, 
Kuncoro, Soriano , Plowe, Paleologo, Edman & Laughlin, 1985), 
a lthough even the e f f ic a cy  of weak acids in cho lera  
toxin-promoted sec re t io n  i s  d isputed (Newsome, Burgess & Holman, 
1983; Rolston, K elly , Borodo, Bown, F a r th in g , Clark & Dawson,
1984). Whether a given weak acid is  u se fu l  could depend on 
whether the  mucosal surface  pH i s  e levated  in a given d ia rrh o ea l
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d is e a s e .  To be e f f e c t i v e ,  weak acids  must permeate the 
en terocytes as n e u t r a l  forms. This process w i l l  no t  func tion  
e f f ic ie n t ly  i f  the  mucosal su rface  pH i s  e leva ted  s ince more weak 
acid w il l  e x i s t  as the non-absorbable anion. Ind iv idual 
d ifferen ces  between e n te r o to x in s , as has been demonstrated in 
th is  study, might exp la in  why weak acid supplemented o ra l  
rehydration so lu t io n s  a re  l e s s  e f f e c t iv e  in some d ia r rh o e a l  
d isease  (WHO, 1985 ) .
4 .8  Conclusions
In co nc lu s ion , th e  r e s u l t s  of the  p re sen t  study have demonstrated 
th a t  th e  pH p re v a i l in g  a t  the  mucosal su rface  of r a t  small 
i n t e s t i n e  is  a major, i f  no t th e  prim ary, determ inant of weak 
e l e c t r o l y t e  abso rp tion  r a t e ,  providing s u b s ta n t ia l  evidence in 
favour of the  microclim ate hypo thesis .  There is  evidence to  
suggest th a t  the human and r a t  i n t e s t in e  behave s im i la r ly  and 
th e re fo re  th e  p resen t  r e s u l t s  may have im portant im p lica tions  fo r  
drug abso rp tion  in human i n t e s t i n a l  d is ea se .  The c u rre n t  f in d in g s  
a d d i t io n a l ly  suggest th a t  d ia r rh o e a l  d isease  mediated by cGMP and 
cAMP dependent b a c te r i a l  en te ro to x in s  may a f f e c t  the i n t e s t i n a l  
su rface  pH d i f f e r e n t l y .  This may prove an important fa c to r  
re q u ir in g  co n sid e ra tio n  in the form ulation of o ra l  rehydra tion  
so lu t io n  supplements.
4.9  Future Work
Due to  l im i t a t i o n s  of time and f in an ce ,  c e r ta in  experiments which
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should have been undertaken as p a r t  of t h i s  p ro jec t  had to  be 
ignored. This was unavoidab le , however any fu tu re  in v e s t ig a t io n  
i n to  t h i s  a re a  should probably  take account of the  following 
p ro p o sa ls .  With any h y p o thes is ,  the more evidence presented in 
i t s  fav o u r ,  the  more credence the  hypothesis w i l l  re c e iv e .  This 
i s  a lso  t r u e  fo r  the m icroclim ate  hypo thesis . Although the l i s t  
of drugs which conform to  th e  hypothesis  is  growing th e re  may 
s t i l l  be many drugs which do no t conform. Therefore, more drugs 
w ith  as wide a v a r ie ty  of s t r u c tu r e s ,  l i p id  s o l u b i l i t i e s  and pKa 
values as p o s s ib le  should be t e s t e d .  I t  would a lso  be u se fu l  to  
measure th e  v i l l u s - c r y p t  ax is  pH in  vivo r a th e r  than in v i t r o  as 
with t h i s  s tudy . This would allow a more d i r e c t  comparison with 
th e  su rface  pH measurements obtained and would e lim ina te  any 
u n c e r t a in t i e s  about the v i a b i l i t y  of i so la te d  t i s s u e .  The problem 
of knowing which c y c lic  nu c leo t id e  is  responsib le  fo r  the  surface 
pH s h i f t  when theophy lline  is  combined with fo rsk o l in  or cholera  
to x in  could be solved by measuring t i s s u e  cGMP and cAMP le v e ls  
under these  c o n d i t io n s .  A d d it io n a lly  o th e r  b a c te r ia l  e n te ro to x in s  
should be used to  t r y  and change the mucosal surface  pH in the  
hope th a t  a more general s tatem ent about drug absorp tion  in 
d ia r rh o e a l  d isease  could be made. F in a l ly ,  s tud ie s  should be 
undertaken to  measure human i n t e s t i n a l  su rface  pH in s i tu  under 
d ia rrh o ea l  d isease  cond itions  and, i f  p o s s ib le ,  th i s  should be 
compared with the  absorp tion  of weakly basic  drugs to  determine 
whether the p resen t r e s u l t s  and conclusions a re  d i r e c t ly  
ap p licab le  to  the  hea lthy  and d is tu rbed  human small in t e s t i n e .
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